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Introduction

» Jet binning is important :
Distinguish different processes based on number of jets in the final state.
0-jet 1-jet 2-jets

9 > > q

) S
V

g > > q

Separate different backgrounds : eg in H — W W* any hard jets with
P> pt ~ 20 — 30 GeV are vetoed.

» Any type of such exclusive measurements or vetoes induce large
Sudakov double logs of the veto scale p$t : a2 log™ [p$"/my].

» Eg:gg — H+0jet

C cut
oo(PF") x og(1 — 2% log? p—TH +...)

» These large logarithms must be resummed to all orders to obtain reliable
precision predictions.
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Jet veto Observables

i N | BN
%04

Global Veto Local Veto

restricts > of all emissions relstn.(:t. (local CI"lul‘!kS of)
individual emissions

“beam broadening” "jet pr"
Er=>_ o7 pe = max |Br
"beam {hrust" “Rapidity-Dependent”

T=>lprle " 77" = max|or| (1)

i
(y; and Y are the jet and Higgs rapidity respectively.)
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Jet veto Observables

» Fiducial differential cross section measurements exist for different jet veto
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» Resummation of various jet veto observables has been done :
Q Beam Thrust resummation: Berger, Marcantonini, Stewart, Tackmann, Waalewijn
Q P resummation :
H + 0-jet: Banfi, Monni, Salam, Zanderighi [1203.5773, 1206.4998]
H + 0-jet: Becher, Neubert, Rothen [1205.3806, 1307.0025]
H + 0-jet: Stewart, Tackmann, Walsh, Zuberi [1307.1808]
Q Inthis talk : 75, resummation
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Rapidity dependent Jet Vetoes 7g ¢

5 = max{[Brloy| < y*)}. T = lpuliy) — T = maxTy < T

€jets

Tt 1) = &7
TH () = e Y

T fY)

TE ) =

O-jetbin: T)% < T

Te; < 15 GeV

prj [GeV]

> 1-jetbin: 7% > 7
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Rapidity dependent jet vetoes Tg ¢

Motivation

» Jets can only be reconstructed down to some minimum pr : limit on the
jet veto cut. Low pr jets hard to measure at forward rapidities.

» Rapidity dependent observables : A tight veto on central jets and veto
constraint getting looser for forward jets.

» 75" and 7" are rapidity weighted plf', resummable to same level as p".

» Provide complementary information in the exclusive jet bins.

my=125.4GeV

20 40 60 80
P [GeV)

—4— ATLAS H -~y
B 99H (NNLL'+NNLO) +XH
BB 99 H (NLL'+NLO) +XH

XH=VBF+VH +ttH

100

120

I I I
—§— ATLAS H -~y
B 99 H(STWZ, BLPTW) +XH
...... XH=VBF+VH+tiH
PEM =30 GeV
M =125.4GeV

140 0 |

>1
Niets

[Stewart, Tackmann, Walsh, Zuberi], [Boughezal, Petriello, Liu, Walsh, Tackmann]
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Soft-collinear Factorization and Resummation

The cross section in SCET for gg — H:

dao = | Cagh|? (Pas| OlgryM***° Oggni|Paps)

OggH ~ HOaOs Ob ~ HB#a T[Y;:7 Yﬂb]Bnb“

Measurement function MVet°
» Implements phase space constraints due to jet veto.
» Soft-collinear factorization implies

Mveto _ M;/eto % Ml\)/eto % Mg/eto + O(RZ)

» Matrix elements factorize into independent soft and collinear matrix
elements

Bap(p) = <Pa|0;bMa,bOa,b|Pb>
S.p(11) = (0]OL M. 04]0)
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Jet algorithm effects in local vetoes

» Measurement function for 7 < 7" : product of measurement functions
on individual jets.

Met(Tcul) — 9(7~Jet < Tcut H 0 f] < Tcut)
jeJ(R)

» Measurement factorized into soft and collinear components:
ME = (M + AMEYME + AME)Y VI + AV + M

5M}et : O(R™) clustering of soft and AM}F‘ : O(In" R) clustering within

collinear components into the each sector. Relevant for small
same jet. Relevant for large R ~ 1. R« 1
S c c =

» Typical jet radius used in experiments ATLAS: 0.4, CMS: 0.5
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Soft collinear Factorization

The full H+0-jet cross section differential in the Higgs rapidity Y and with
7-é'610 < Jout

do
de = agHgg(me, M2y, 1) Bo(mu T, Xa, R, 11) By(mu T, X, R, 1) x
SB-C 7—cul R U(?SUb jet cut R do.gons jet cut
agg ( ’ I“)+ dY (7dB’C<T 9 )+ dY (7dB,C<T )
For 7?lé;iin,Ccm < Tcm
doo

dY - UBHgg(mta mf2-la l’L) Bg(mHTCUteY', Xa, R: /l)Bg(mHTcme_Ya Xb, R7 M)X
Rsub

‘ d .
SET™ Rp) + 2% (Th cam < T, R) +

nons
doy

dY(

jet cut
775‘cm,Ccm < T )
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Resummation

» Only difference between 75" and 73" to all orders: different soft functions.

» Beam functions same: Describe collinear ISR i.e. emissions with forward
rapidities where 75" and 73" measurements are equal.

» Logarithms are split apart and resummed using RGE

Tcu[

2 my |n2 Tcuth

Tcut
In>~— =2In 5

my K 2

+21In?

M

» Natural scales for Hard, beam and soft functions:
PH =~ My, jig =~ /T My, g~ T
» Hard function contains: In® [ — m?,/43]

» Beam functions: In® [my 7 /13|

» Soft function: In® [T /1] f

Aqcp
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Resummation

» Resummation Structure:

Tcuti| n+1

p- (1+as+a2+---) ~ LL+ NLL+-NNLL+---
H

Inoo(T) ~ Y allin [

» Including the RGE running the resummed cross section for 77¢t

UO(TCUt) = HggH(mH7 ,U/H) UH(mHa HH, IU/) X Bg(Xaa R: TCUZ: /I'B)
By(Xo, B, T 15) Us(mu, i, 11)? x Sgg” (R, T us) Us(yus, 1)

Log Fixed-order corrections Resummation input
counting: matching nonsingular 'y,’f, B.S I cusp

NLL 1 - 1-loop 2-loop 2-loop
NLL'+ NLO NLO NLO 1-loop 2-loop 2-loop
NNLL’+NNLO NNLO NNLO 2-loop 3-loop 3-loop
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Nonsingular Contribution

» To compute nonsingular corrections for different jet veto observables:

nonsing FO resum
do, dog dog

A7y d7FdY ATy

(MH =UB = Us = MFo)

» doC : Computed full FO cross section differential in Y and 7;°".
Implemented non-trivial measurement functions for 77
» Validation plots:

100 full NLO (T3") 4 100L full NLO (73%)

= E — — - singular E E — — - singular E

é 10 E TN nonsingular (73R E 10? """ nonsingular (73R

2 1F 4 3 1F -

& ¢ £ E . E

0af T Ol N -

Sa F o E E

So.01L So.01 L - m
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S103L / <103F
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ol il FRTRRRT] BRI AW Ll IR RRTT] BRI | PR o
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Resummation scales
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» Resummation region: Logs are resummed using canonical scaling

|/’LH|N my fLg~ 7'uul B~ /mHTcut
» FO region: Resummation is turned off to get the right FO cross section at

large 7"
1Bs fts —> pHFO ~ MK
» Transition region: Profiles for 1.z, /15 provide smooth transition from
resummation to fixed-order region.
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Perturbative Uncertainties in Jet Binning

Ototal

T o0
. do p do
et et
/0 I e / LT
O,O(Tcut) + 0,21 (Tcut)

» Uncertainties in the jet binning can be described by fully correlated (yield)

and fully anticorrelated (migration) components of a covariance matrix
{00, 0>1} [Stewart,Tackmann: 1107.2117, SG,Tackmann: 1302.4437]

(A\O)2 AE} A\>1> < A?‘ul

AGALy (AL

o

AZ

cut

—A?
AZ

cut

cut

)

» yield uncertainty AV = A g : Fixed-order scale uncertainty in oy

» migration uncertainty A. = Aesum : Resummation uncertainty induced
by the binning cut and drops out in the sum o¢ + >1.

A%(Tcm) = AIZT()(TCM) + Ai‘xum(Tcm)
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Resummation Scales and Fixed-Order Uncertainty
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» Central profiles:

HH = —IifFo,  Hns = HFO 5
ps(T) = profun(T™/my),

pB(T™) =/ s(T)uro = pro/ Ffun (T Mpy)

» Fixed Order Uncertainty Aro:
» Maximum of collective variation of all scales by a factor of 2 keeping scale
ratios fixed.
» Reproduces the inclusive cross section uncertainty for large 7"
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Resummation Uncertainty

» Varying argument of logs estimates their size and missing higher log
terms.

» These variations are smoothly turned off at large 7! where the
resummation turns off.

vary

g (X, a) = fon (X) s(X) = pro Fary (X) frun(X)

1/2— o 1/2—
PSS (X, @, B) = p (x, @) 2 P = o[£ (%) fun(X)] 27

vary
140 e e 140 e e e e e
E gg—H (8TeV) 1 E gg—H (8TeV) ]
1200 s B 120 F iy =125 GeV E
100F 1 100F Ty < T 1
’; C ] ; C ]
] . i o . i
O 80F E O, 80F E
[} = | [} 50 = |
4 O0F -0 < 90F un(@=0) 7
g g
n40b 0) = @ 40k ns(B=0) A
£ 7 —=-ppla==£1) = - np(B=%1/6)
2077 e —=-ps(a=+1) 7 20 L 4
N I T T I 0ET L L L b ]
0 10 20 30 40 50 60 70 80 0 30 40 50 6 80
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Resummation Uncertainties

Choosing « and 3 for g and ug variation (for SCET-I type observables)

» Retain natural scale hierarchy: ugo ~ py > ug = /lisiiro > lis-
» A systematic way to vary g and ug without double counting.

1/2-8

vary

pg” (X, @) = 150 Koy (X) Frn(X) . 11" (X, 0, B) = pir0 [y (X) Frun (%))
» Independent scale ratios entering the resummed logs are

’u2B Tcut /1'723 N Tcut
)

,uil my MZB my

» « variation for both us and pg: Equal changes in the log ratios.

2 2 2 2
N8 sinfe, +inEE . B8 Sinfe +n S
FH FH eF] Hp

» [ variation: Equal magnitude opposite sign changes in the log ratios.

2 2 2 2

p p K p
In=2 - (1-28)In=, In=$ - (1+28)In=5.

FH FH ] Hp
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NLL'-++NLO results for H+0-jet

25 25
r 99— H (8TeV) r 99— H (8TeV)
20im5:125GeV 20imy:lZ5GeV
2 2
2150 I Y
Bk B0
s F E=3 NLL'+NLO s F E=3 NLL'+NLO
s gy NLL AN / 4 0N
E Tht < et E T < e
Py N RN RN AR B Py N RN AN AR B
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Teut [GeV] Teut [GeV]
» Good convergence and reduced uncertainties going from NLL to

NLL'+NLO.

> At T ~ 25 GeV, 20% uncertainty for NLL'+NLO,comparable to the
precision for pff'.

» Expect significant reduction in uncertainties going to NNLL'+NNLO.
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Comparison to ATLAS data

» The resummed results for different jet veto observables can be directly
compared to the ATLAS measurements.

» Comparison of our NLL'+NLO predictions in bins of 75" with the recent
ATLAS measurement in H — ~+ channel.

» Several correction factors implemented given in ATLAS pub:1407.4222
for H — ~v+ branching ratio, photon isolation efficiency, diphoton
kinematic acceptance.

10 g T

0.1F

[ 4~ ATLAS

- BEE NLL + NLO
oo b

0'010 10 20 30 40 50

T [GeV]

do /dTE" [fb/GeV]
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Resummation of jet veto logs: important for accurate cross section
predictions.

v

v

Rapidity dependent jet vetoes:
@ A natural and efficient central jet veto, Resummable to same level of
precision as p'.
@ Provide complementary way to divide phase space into exclusive jet bins.
— Motivation to measure rapidity-dependent jet-vetoes in other processes.

v

Determined NLL'+NLO resummed results for 7. , 75", 75 and 7}

) . : . Bem? Cem
with robust uncertainty estimates. Comparison with ATLAS data!

v

Next step is resummation to NNLL'+NNLO order :

@ Beam and soft functions at 2 loops + In R clustering corrections (W.1.P)
©@ Extension to full NNLL'+NNLO.
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Outlook: Clustering correction to soft function

» Dijet hemisphere soft function
d%%; d%
2 1 2
ASP (ki ke) = / @n)? WA (K1, ko) AMP'®) (K, ko) C(ky) C(Kz)
d d ™
a7k dke / dk;" dk; dk; diky (ki ki Ky k) / dA¢sin~% A¢
(27T)d 27T 0

» For the clustering corrections only non-abelian matrix elements considered.
[Hornig, Lee, Stewart, Walsh, Zuberi ’11]

i) B b) )
PSS
:: " ) )
SRS RS

» For a 7 veto, the full measurement function can be written as
[following Tackmann, Walsh, Zuberi ’12]

Iw;?et(rrcut) — M,‘(Tcm) + AMP(TC'")
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Outlook: Clustering correction to soft function

Inclusive 7g measurement

M(T™) = 0(5, T < T™)
Measurement function for the clustering correction relative to M;

AMS(T™) = 2[0(AR2 < AR)O(TE' < T*) + (AR > R)O(Tar < T)0(Tee < T™)
—0(Te1 + Tez < T°)]

=20(AR12 > R)[O(Ter < T*)0(Te2 < T) = 6(Te1 + Te2 < T™)]

The variables we use are

N
Vi=10n+ye) By=yi—y, z=To_ =N

Tor+Te ki +kg

1/2(k Ky +k3 k) —ky ko

kit ks~
Tr =Te1 +Tez COSAp= —T—2 21—
NCOT

Ik TlkE T

—1—4e .
ASO(T™) = iy [ Ty THZA(1 = 22(2(1 = 22) ‘e~ * N A DM@ 6™ d Tidzdyid Ay

4e
ASA(T™) = wipae (TL) Jy 0z [ dAy [ dAgsin2 A AR LzI=2] (7(1 — 2)) 7%
0(AR;2 > AR)THZ2(1 — 2)?A;
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Outlook: Clustering correction to soft function

» Remaining integrals finite and result of the form: alog R + b+ O(R).

» To extract log R, express A; in the small AR = \/Ay? + A¢? limit as AF.
Write A = (A — AF) + AR

» To determine a : Analytic integration of A”.
Extract b numerically by integrating A — A”.

™

2 4e
AS@(Teny = (‘L) (TL) [4l [cﬁ{%mm ~ 1272 —132l0g2)log R — 0.937 + 0.652R2 + )}
+CaTam{ 51(23 - 2410g2)log R+ 0.747 + 0.019R2 + ) || + C3{-4.254l0g R

11.09610g% B+ 1.713 + O(A?)} + CaTan;{—0.451log R + 0.177log? R+ 0.184 + O(RZ)}]

4 —ca?
—CATrnf

0.1 0.2 0.3 0.4 0.5 0.6

R

Analogous but more tedius calculation for 7 gives the same anom. dim. as 7.,
C B
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NLL'-++NLO results for H+0-jet

» Differential singular, nonsingular and full fixed order cross sections for
75" in different Y bins.

99— H (8 TeV E 99— H (8TeV) 1
N My =125 GeV —— full NLO (T3 ] = R mp=125Gev — Ml NLO (75") ]
§ 01g full NLO (TE%,) 30 full NLO (T4,)
> f - — - singular > - - - singular E|
&0 01‘ -+ nonsingular (T3") ] &107 -~ nonsingular (-r;"');
:E E ponsingutr (77, & nonsingular (7% )3
s 2<|Y|<3 |
E <Yl ] Iv|>3 ]
o T
B0t S -2
2 £ E
E . P Gl f D E
2o~ b i b 10-5 Lo L i S il
0 20 40 60 80 100 0 20 40 60 80 10
T [GeV) T3 [GeV]
’ . jet . .
» Cumulant NLL" and nonsingular for 75" in different Y bins.
S R A A RA RN RARRN RRRRN RRARS! 0.4 [rrrr e
rgg—H (8TeV) q r 1
L = gl ’ 1 99— H (8TeV) , ]
3 }mn—lzs GeV N = 0.3Fmu=125Gey_ N ____ —
=z I s T . = [ /// - ]
% 2E T NHENLO e & 02F =~ NLL/'+NLO
z L ] o= F et u
: L7 -7, < T ] 2 ool <
Sty 2<yi<s & == Then < T
Y ] c b Yi>s3 ]
E ] 0
0 ) NLO 1 N B
N ee~oo___________ b
e —01p ) ) NLO ponsingular od
Y ST TR T T I T T B TR TR T T
0 10 20 30 40 50 60 70 80
Tou [GeV] Teu [GeV]
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Soft function and Resummation uncertainty

» Soft function for 75" and 7X":

C cut 2
SC (T ) =1+ L(’;) A (—2|n2 Tu n l)

4
B ut O‘S(M)CA( p Teut 71-2)
=1 —2In° — + —
Sgg(TcaM) + = ” +12 ,
X (1+ 75) X < 2x
X 2X0 <x <X
fan(X) =  x 4+ @Rzl oy oy
o (22()‘2*)(1))(2@7&;2 <X <
—X1—X2)(X—X:
1= Sremmiteor) X2 S<X<X3
1 X3 < X
fvary(X): 1 +2(1 _X/X3)2 XS/ZSXSXS ,
1 X3 < X

Shireen Gangal (DESY) T3¢t resummation in Higgs production at NLL’ + NLO 26-03-2015



Clustering Correction

» The variables we use are

_1|O k17 _1|O k{
V1= 3007 Vo= 300
-1 Ay =y — _ _Te K
n=antye) Ay=yi-ye z= 580 = e
kit ksh 1/2(ki Ky +k k) —kq ko
= COSAp = 2 — 1% T2 %
Tr = Te1 + Tg2 @ Zara s

A(Teut) = Tt e 2 [0 (ARE — 4z(1 - 2)Ay?) |

4g* Ciptce= 222(1-2)*Ay*(1—¢
AQ(To) = AL 2 (1 2+ 22) — 2(1 - 2) + =009

2
__ 4g*CaTanu* 1 2(1-2)
Af(Tcm) - 7—#2/21(1’1;)2 (cosh Ay—cos A¢)(cosh Ay—(1—2z) sinh Ay)] 2 [1 —2c0s A¢cosh Ay+

2(1 — 2z) cos Agsinh Ay + (cosh Ay — (1 — 2z)sinh Ay)ﬂ

t _ 4g 02 4e .
A(T) = T4z2(1 Z)? (cosh Ay— cosA¢)(coshAy (T—2z)snh Ay) [( — 2+ 2%)cos Agcosh Ay

: 1—e)22(1 h Ay®
(1 - 22) cos Ay sinh Ag — 2(1 - Z) + (cosh Ay— E:osA);)écosﬁ)Ajlm (1 y22) sinh Ay)
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