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DESY 13-029NLO Un
ertainties in Higgs + 2 Jets From Gluon FusionShireen Gangal and Frank J. Ta
kmannTheory Group, Deuts
hes Elektronen-Syn
hrotron (DESY), D-22607 Hamburg, Germany(Dated: February 21, 2013)A 
entral ingredient in establishing the properties of the newly dis
overed Higgs-like boson is theisolation of its produ
tion via ve
tor boson fusion (VBF). With the typi
al experimental sele
tion
uts, the VBF sample is 
ontaminated by a � 25% fra
tion from Higgs + 2 jet produ
tion viagluon fusion (ggF), whi
h has large perturbative un
ertainties. We perform a detailed study of theperturbative un
ertainties in the NLO predi
tions for pp! H + 2 jets via ggF used by the ATLASand CMS Collaborations, with the VBF sele
tion 
uts of their 
urrent H ! 

 analyses. We dis
ussin detail the appli
ation of the so-
alled \ST method" for estimating �xed-order perturbative un
er-tainties in this 
ase and also 
onsider generalizations of it. Qualitatively, our results apply equallyto other de
ay 
hannels with similar VBF sele
tion 
uts. Typi
al VBF sele
tions in
lude indire
trestri
tions or expli
it vetoes on additional jet a
tivity, primarily to redu
e non-Higgs ba
kgrounds.We �nd that su
h restri
tions have to be 
hosen 
arefully and are not ne
essarily bene�
ial for thepurpose of distinguishing between the VBF and ggF produ
tion modes, sin
e a modest redu
tionin the relative ggF 
ontamination 
an be easily overwhelmed by its qui
kly in
reasing perturbativeun
ertainties.I. INTRODUCTIONWith the dis
overy of a Higgs-like boson by the ATLASand CMS Collaborations [1, 2℄, a 
entral ingredient inmeasuring the properties of the new parti
le is to separateout the di�erent produ
tion me
hanisms via gluon-gluonfusion (ggF) and ve
tor boson fusion (VBF).To maximize the signal sensitivity, the experimentalanalyses separate the data into various ex
lusive sele
tion
ategories, based on the number of jets (\jet bins") andother 
riteria. One sele
tion 
ategory, designed to isolatea 
lean VBF signal, is the produ
tion in 
onne
tion withtwo jets that are widely separated in rapidity. To fur-ther enhan
e the VBF signal and redu
e non-Higgs ba
k-grounds as well as the sizable 
ontamination from ggFprodu
tion, additional kinemati
 sele
tion 
riteria are ap-plied. A 
hara
teristi
 feature of the VBF pro
ess is thatit is a

ompanied by few extra gluon emissions, be
auseof its 
olor stru
ture and in
oming quarks. The sameis not the 
ase for ggF produ
tion or generi
 non-Higgsba
kgrounds, so the VBF signal tends to be most signi�-
ant in the ex
lusive 2-jet region of phase spa
e with twoforward jets and little additional radiation. Therefore,when optimizing its signi�
an
e, whether in a 
ut-basedapproa
h or via multivariate te
hniques, one dominantlysele
ts events from this region.In general, pla
ing a restri
tion on additional real emis-sions indu
es Sudakov logarithms at ea
h order in theperturbative series. In the limit of very tight restri
tions,the logarithms be
ome large and must be resummed toall orders in the strong 
oupling 
onstant �s to obtaina meaningful perturbative predi
tion. Often, the exper-imentally relevant region is an intermediate one, wherethe logarithmi
 
orre
tions are already sizable but theirresummation is not yet stri
tly ne
essary and a �xed-order expansion 
an still be applied. In this 
ase, how-ever, it is important that the possible sizable e�e
ts of

higher-order logarithms are re
e
ted in the perturbativeun
ertainty estimate for the �xed-order predi
tion.Due to the in
oming gluons in ggF and the asso
iatedlarge 
olor fa
tor, the logarithmi
 
orre
tions in this in-termediate region are indeed sizable. This was shownexpli
itly for the 0-jet bin in Refs. [3, 4℄, whi
h has been
omputed and studied extensively to NNLO [5{10℄. Anumeri
ally important ggF 
ontribution to the VBF-like2-jet sele
tion is the partoni
 gg ! Hgg pro
ess, whereboth in
oming and outgoing gluons generate additionalradiation. When restri
ting that radiation by for
ing thekinemati
s into the ex
lusive 2-jet region, the logarithmi

orre
tions 
an be expe
ted to be at least as large andlikely larger than in the 0-jet 
ase. Hen
e, the perturba-tive un
ertainties have to estimated 
arefully, in parti
-ular sin
e here NNLO predi
tions are not available.In Ref. [4℄ a simple method was devised that expli
itlytakes into a

ount the size of the logarithmi
 
orre
tionsin the �xed-order un
ertainty estimate (for whi
h a sim-ple s
ale variation in the ex
lusive jet 
ross se
tion isinsuÆ
ient). It has been adopted in Refs. [11, 12℄, and isbeing employed in various ex
lusive analyses at the LHCand the Tevatron. It is sometimes referred to as the \STmethod." Here, we apply this method to provide robustun
ertainty estimates for the NLO 
al
ulation [13, 14℄in the ex
lusive 2-jet bin in ggF produ
tion that is 
ur-rently being used in the ATLAS and CMS Higgs analyses.An independent NLO 
al
ulation has been performed re-
ently in Ref. [15℄. We also dis
uss the appli
ation tomore general 
uts restri
ting to the ex
lusive 2-jet region.The appli
ation to multivariate sele
tion te
hniques willbe dis
ussed in a forth
oming publi
ation [16℄.In prin
iple, by performing a higher-order logarith-mi
 resummation, one 
an gain additional information,whi
h allows for re�ned perturbative predi
tions and un-
ertainty estimates, see e.g. Refs. [3, 17{22℄ for re
entappli
ations to Higgs + 0 or 1 jets. Although te
hni
allymore demanding, similar methods 
ould be used in the
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2future to provide improved predi
tions for the ex
lusivegg ! H + 2 jets 
ross se
tion. An important step inthis dire
tion was made in Refs. [23, 24℄, where the �xedNLO predi
tions for gg ! H + 2 jets are mat
hed toa parton shower, whi
h on top of the NLO 
orre
tionsprovides a leading-logarithmi
 (LL) resummation in theex
lusive 2-jet region. Here, our NLO un
ertainty anal-ysis provides an important baseline for future studies, asit is often diÆ
ult to obtain a robust resummed un
er-tainty estimate from a LL resummation alone. For Higgs+ 2 jets the all-order resummation of soft gluon emis-sions in the presen
e of a 
entral jet veto has also beenperformed [25, 26℄.In the next se
tion, we give a general dis
ussion ofjet binning un
ertainties, reviewing and extending themethod to estimate �xed-order un
ertainties introdu
edin Ref. [4℄. In Se
. III we dis
uss and validate its ap-pli
ation to the ggF 
ontribution in the VBF-like 2-jetsele
tion. In Se
. IV we present our results for the NLOun
ertainty estimates, implementing the VBF sele
tion
uts used in the H ! 

 analyses by the ATLAS [27, 28℄and CMS [29℄ experiments. Our �ndings apply equallyto other de
ay 
hannels where similar VBF sele
tion 
utsare applied. In Se
. IV we also dis
uss the impli
ationsof the ggF un
ertainties for the VBF-ggF separation. We
on
lude in Se
. V.II. JET BINNING UNCERTAINTIESConsider the in
lusive N -jet 
ross se
tion, ��N , forsome pro
ess 
ontaining at least N jets. We will assumethat ��N is a suÆ
iently in
lusive quantity su
h that it
an be 
omputed in �xed-order perturbation theory. Weare interested in the 
ase where ��N is divided up intoa 
orresponding ex
lusive N -jet 
ross se
tion, �N , and aremainder ��N+1,��N = �N (ex
l. 
ut) + ��N+1(inverse ex
l. 
ut) : (1)All three 
ross se
tions here have the same sele
tion 
utsapplied that identify the leading N signal jets. What de-�nes �N to be \ex
lusive" is that the additional ex
lusive
ut applied to it restri
ts the phase spa
e of additionalemissions in su
h a way that �N is dominated by 
on-�gurations 
lose to the N -parton Born kinemati
s. Inparti
ular, at leading order (LO) in perturbation theory�LO�N = �LON , while relative to these, ��N+1 is suppressedby O(�s). In other words, ��N+1 requires at least oneadditional emission to be nonvanishing. Hen
e, we 
an
onsider it an in
lusive (N + 1)-jet 
ross se
tion with atleast N + 1 jets.11 It should be stressed that ��N+1 here is de�ned by inverting theex
lusive 
ut that de�nes �N and so does not ne
essarily requirethe expli
it identi�
ation of another well-separated jet via a jetalgorithm. The variables we will use, pTHjj and ��H�jj areexamples of this.

In the simplest 
ase, ��N is divided into the two jetbins �N and ��N+1 by using a 
ut on some kinemati
variable, pN+1, whi
h 
hara
terizes additional emissions,with pN+1 = 0 for a tree-level N -parton state. Typi-
al examples would be the pT of the N + 1st jet or thetotal j~pT j of the underlying N -jet system. The two jetbins then 
orrespond to the integrals of the di�erentialspe
trum d�=dpN+1 above and below some 
ut,��N = Z p
ut0 dpN+1 d��NdpN+1 + Zp
utdpN+1 d��NdpN+1� �N (p
ut) + ��N+1(p
ut) : (2)In general, the jet bin boundary 
ould be a mu
h more
ompli
ated fun
tion of phase spa
e, for example in amultivariate analysis. In Se
. IV, we will also 
onsider thenext-to-simplest 
ase of a two-dimensional re
tangular
ut on two kinemati
 variables.We are interested in the un
ertainties involved in thebinning. The 
ovarian
e matrix for f�N ; ��N+1g is asymmetri
 2 � 2 matrix with three independent param-eters. A 
onvenient and general parametrization is towrite it in terms of two 
omponents,C = � (�yN )2 �yN �y�N+1�yN �y�N+1 (�y�N+1)2 �+� �2
ut ��2
ut��2
ut �2
ut � :(3)Here, the �rst term is an absolute \yield" un
ertainty,denoted with a supers
ript \y," whi
h (by de�nition) is100% 
orrelated between the two bins �N and ��N+1.The se
ond term is a \migration" un
ertainty betweenthe bins and 
orresponds to the un
ertainty introdu
edby the binning 
ut. It has the same absolute size, �
ut,for both bins and is 100% anti
orrelated between them,su
h that it drops out when the two bins are added.Hen
e, the total un
ertainty for ea
h bin is given by�2N = (�yN )2 +�2
ut�2�N+1 = (�y�N+1)2 +�2
ut ; (4)while the total un
ertainty on their sum, i.e., on ��N , isgiven by the total yield un
ertainty,��N = �y�N = �yN +�y�N+1 : (5)Considering the perturbative un
ertainties, the basi
question is how ea
h of the un
ertainties in Eq. (3)
an be evaluated. The �xed-order predi
tion providesus with two independent pie
es of information, namelythe variations obtained by the standard s
ale variations,whi
h we denote as ���N , ��N , ���N+1, and whi
h sat-isfy ���N = ��N + ���N+1. Following Ref. [4℄, we startby assuming that the standard �xed-order s
ale varia-tions 
an be used to obtain a reliable estimate of thetotal un
ertainties in the in
lusive 
ross se
tions (whi
his of 
ourse the 
ommon assumption underlying any in-
lusive �xed-order 
al
ulation). Hen
e, we impose thetwo well-motivated boundary 
onditions,��N = ���N ; ��N+1 = ���N+1 : (6)



3Together with Eqs. (4) and (5), these lead to(i) ���N = �yN +�y�N+1 ;(ii) (���N+1)2 = (�y�N+1)2 +�2
ut : (7)Thus, the question is how to divide up ���N+1 between�y�N+1 and �
ut in order to satisfy 
ondition (ii). Con-dition (i) then determines �yN . The nontrivial e�e
t �
ut
an have is on the size of �N as well as on the o�-diagonalentries in Eq. (3), whi
h determine the 
orrelation be-tween �N and ��N+1.Clearly, the simplest is to negle
t the e�e
t of �
utaltogether and to dire
tly use 
ommon s
ale variationsto estimate the un
ertainties, i.e., to take�yN = ���N ����N+1 � ��N ; �y�N+1 = ���N+1 ;�
ut = 0 ; (8)whi
h leads todire
t: C = � (��N )2 ��N ���N+1��N ���N+1 (���N+1)2 � : (9)Note that sin
e ��N+1 starts at higher order in per-turbation theory than ��N , its relative un
ertainty���N+1=��N+1 will typi
ally be (mu
h) larger than��N 's relative un
ertainty ���N=��N . This means one
annot simply apply the latter as the relative yield un-
ertainty in ea
h bin by taking �yi = (���N=��N )�i, asthis would violate the 
ondition ��N+1 = ���N+1. Thispoint has already been emphasized in earlier studies [5℄.The dire
t s
ale variation 
hoi
e is reasonable as longas the e�e
t of �
ut is indeed negligible. It is 
ertainlyjusti�ed if numeri
ally ���N � ���N+1, sin
e any un
er-tainty due to migration e�e
ts 
an be, at most as large as���N+1 [by virtue of 
ondition (ii)℄. This 
an happen, forexample, when ���N is sizable due to large perturbative
orre
tions in ��N and/or the binning 
ut is very loose(i.e., is 
utting out only a small fra
tion of phase spa
e)su
h that ��N+1 is numeri
ally small to begin with.In perturbation theory, the e�e
t of the binning 
ut isto introdu
e Sudakov double logarithms in the perturba-tive series of �N and ��N+1, whi
h have opposite signand 
an
el in the sum of the two bins, s
hemati
ally,��N ' �B [1 + �s + �2s +O(�3s)� ;��N+1 ' �B��s(L2 + L+ 1)+ �2s(L4 + L3 + L2 + L+ 1) +O(�3sL6)� ;�N = ��N � ��N+1 ; (10)

where �B denotes the Born 
ross se
tion and L is a Su-dakov logarithm, e.g., for Eq. (2), L = ln(p
ut=Q), whereQ � mH is a typi
al hard s
ale. As the binning 
utbe
omes tighter (p
ut be
omes smaller) the logarithmsgrow in size. On
e the logarithms are O(1) numbers, oneis in the transition region and the logarithms will startto dominate the perturbative series of ��N+1, and therewill be sizable 
an
ellations in �N between the perturba-tive series for ��N and the logarithmi
 series in ��N+1.Eventually, the logarithmswill grow large enough to over-
ome the �s suppression and �N be
omes negative, atwhi
h point one is in the resummation region and the�xed-order expansion has broken down.The perturbative migration un
ertainty �
ut 
an bedire
tly asso
iated with the perturbative un
ertainty inthe logarithmi
 series indu
ed by the binning, and soshould not be negle
ted on
e the logarithms have a no-ti
eable e�e
t. In parti
ular, as demonstrated in Ref. [4℄,the simple 
hoi
e in Eqs. (8) and (9) 
an easily lead toan underestimate of �N in the region where there aresizable numeri
al 
an
ellations between the two series in��N and ��N+1. Sin
e in this region the dominant 
on-tribution to ��N+1 
omes from the logarithmi
 series,varying the s
ales in ��N+1 dire
tly tra
ks the size ofthe logarithms, whi
h means we 
an use �
ut = ���N+1as an estimate for the binning un
ertainty, whi
h is thebasi
 idea of Ref. [4℄. From Eq. (7), we then �nd�yN = ���N ; �y�N+1 = 0 ;�
ut = ���N+1 ; (11)su
h thatST: C = �(���N )2 + (���N+1)2 �(���N+1)2�(���N+1)2 (���N+1)2 � : (12)Sin
e ���N+1 is now used as �
ut, the e�e
tive out
omeis that one treats ���N and ���N+1 as un
orrelated.More generally, we 
an introdu
e a parameter 0 �� � 1, whi
h 
ontrols the fra
tion of ���N+1 assignedto �y�N+1, su
h that�yN = ���N � ����N+1 ; �y�N+1 = ����N+1 ;�
ut =p1� �2���N+1 ; (13)whi
h leads to
ST (�): C =  (���N )2 + (���N+1)2 � 2����N���N+1 (����N ����N+1)���N+1(����N ����N+1)���N+1 (���N+1)2 ! : (14)



4ATLAS CMS loose CMS tightanti-kT R = 0:4 anti-kT R = 0:5 anti-kT R = 0:52-jet sele
tion pTj>25GeV for j�j j<2:5 jet 1: pTj>30GeV, j�j j<4:7 pTj>30GeV, j�j j<4:7pTj>30GeV for 2:5< j�j j<4:5 jet 2: pTj>20GeV, j�j j<4:7��jj = j�j1 � �j2j > 2:8 > 3:0 > 3:0mjj > 400GeV > 250GeV > 500GeVj�H � (�j1 + �j2)=2j - < 2:5 < 2:5��H�jj > 2:6 > 2:6 > 2:6TABLE I: VBF sele
tion 
uts we use, 
orresponding to the H ! 

 analyses by ATLAS [27, 28℄ and CMS [29℄. CMS looseex
ludes events that pass CMS tight. The 
ut on ��H�jj in the last row is treated spe
ially as an ex
lusive binning 
ut.From this one 
an easily see that � 
orresponds to the
orrelation between ���N and ���N+1. The 
hoi
e � = 1would be equivalent to the 
ase in Eq. (9), while � = 0reprodu
es Eqs. (11) and (12). Hen
e, from the abovearguments one should take � to be small. In the nextse
tion, we will explore the dependen
e on � in the STmethod. We will see that all 
hoi
es � <� 0:4 give verysimilar results, so for our results in Se
. IV we will usethe default 
hoi
e � = 0.As a �nal 
omment, note that in general one 
ould alsotake � to be a fun
tion of the binning 
ut. For example,at large p
ut the logarithms be
ome small, in whi
h 
aseone might want to reprodu
e the dire
t s
ale variationun
ertainties in Eq. (9). However, in this limit, typi
ally���N+1 be
omes mu
h smaller than ���N , whi
h makesthe pre
ise 
hoi
e of � irrelevant there, and so it is 
on-sistent to use a �xed � = 0 everywhere.III. APPLICATION TO gg ! H + 2 JETSWe now dis
uss the appli
ation of our method to the
ase of pp! H+2 jet produ
tion via gluon fusion (whi
hfor simpli
ity we denote as gg ! H + 2j, where a sumover all possible partoni
 
hannels is implied). We willstudy the un
ertainties in the ex
lusive H + 2 jet 
rossse
tion as a fun
tion of two kinemati
 variables, pTHjjand ��H�jj .We take ps = 8TeV and mH = 125GeV. We useMCFM [13, 14, 30℄ to 
ompute the NLO 
ross se
-tion, with the ggH e�e
tive vertex in the in�nite topmass limit. We then res
ale the 
ross se
tion with theexa
t mt dependen
e of the total Born 
ross se
tion,�B(mt)=�B(1) = 1:0668. We use the MSTW2008 [31℄NLO PDFs with their 
orresponding value of �s(mZ) =0:12018. For all our 
entral value predi
tions we use�r = �f = mH , whi
h was also used in Refs. [13, 14℄.The s
ale variations in the in
lusive 
ross se
tions aredis
ussed below in Se
. III B.In our analysis we implement the 2-jet sele
tion andVBF sele
tion 
uts summarized in Table I, whi
h aretaken from the 
urrent ATLAS and CMS H ! 

 anal-yses. However, note that we 
onsider the 
ross se
tion

for the produ
tion of an on-shell Higgs boson, withoutin
luding any bran
hing ratios or 
uts on the Higgs de-
ay produ
ts. A. Variables1. pTHjjWe de�ne pTHjj as the magnitude of the total trans-verse momentum of the Higgs-dijet system,pTHjj = j~pTj1 + ~pTj2 + ~pTH j : (15)At Born level, pTHjj = 0 and so applying a 
ut pTHjj <p
utTHjj restri
ts the phase spa
e to the ex
lusive 2-jet re-gion. At NLO pTHjj is equivalent to the pT of the thirdjet, so it is a useful referen
e variable for a pT -veto onadditional emissions, su
h as the 
entral jet vetoes ap-plied in the H ! WW and H ! �� VBF analyses (seee.g. Refs. [32{35℄).2 It is also 
onsidered dire
tly, forexample, in the latest H ! �� analysis [33℄.The ex
lusive 2-jet 
ross se
tion �2(pTHjj < p
utTHjj) isshown in the left panel of Fig. 1 as a fun
tion of p
utTHjjand using three di�erent 
ombinations of the fa
toriza-tion and renormalization s
ales, �r and �f . The solidline and blue band 
orrespond to �r = mH and varying�f = f2; 1; 1=2gmH. Similarly, we vary �f while keep-ing �r = mH=2 for the dark green band and �r = 2mHfor the light green band. One 
an see that the biggestvariation is due to the �r variation, while the �f vari-ation only has a subdominant e�e
t, whi
h was alreadynoti
ed in Ref. [13℄. Therefore, for simpli
ity we will take�r = �f = � and vary � = f2; 1; 1=2gmH when showingthe dire
t s
ale variations as referen
e in the following.2 The 
entral jet veto is applied to re
onstru
ted jets at 
entralrapidities, whi
h at low pT values 
an be heavily in
uen
ed byunderlying event, pile-up, and dete
tor e�e
ts. Sin
e none ofthese e�e
ts 
an be a

ounted for by the NLO 
al
ulation, we didnot attempt to study an expli
it 
entral jet veto here. Instead,we 
on
entrate on pTHjj , whi
h is 
leaner as it only requiresinformation about the two signal jets and the Higgs 
andidate.
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FIG. 1: Ex
lusive 2-jet 
ross se
tion using the ATLAS VBF sele
tion for various s
ale 
hoi
es as a fun
tion of p
utTHjj (left panel)and � ���
utH�jj (right panel).We write the ex
lusive 2-jet bin de�ned by this 
ut interms of the in
lusive 2-jet 
ross se
tion, ��2, and thein
lusive 3-jet 
ross se
tion with the 
ut inverted as,�2(pTHjj < p
utTHjj) = ��2 � ��3(pTHjj > p
utTHjj ) ; (16)where in all 
ases the remaining VBF sele
tion 
uts inTable I are applied (ex
luding the 
ut on ��H�jj in this
ase).The restri
tion on pTHjj is infrared sensitive and in-du
es Sudakov logarithms of the formL = ln(p
utTHjj=mH)in the perturbative series of �2 and ��3. In Fig. 1 wesee that the veto starts to have a noti
eable e�e
t be-low pTHjj <� 50GeV, where the di�erent s
ale variationsstart 
rossing and we start to see 
an
ellations between��2 and ��3. In the region below pTHjj <� 20GeV, thelogarithms have grown large enough for the NLO 
rossse
tion to go negative and the �xed-order perturbativeexpansion to break down. In the intermediate region inbetween, the �xed-order predi
tion 
an still be used, butthe dire
t s
ale variation does not provide a reliable un-
ertainty estimate as it does not properly take into a
-
ount the e�e
t of the binning 
ut.2. ��H�jjAs shown in Table I, the VBF 
ategory in the H ! 

analyses by ATLAS and CMS in
ludes a 
ut ��H�jj >2:6 radians (150 deg) (where the Higgs momentum is rep-resented by the total momentum of the diphoton system).Taking the beam dire
tion along the z-axes, ��H�jj isde�ned as 
os��H�jj = (~pTj1 + ~pTj2) � ~pTHj~pTj1 + ~pTj2jj~pTH j : (17)Momentum 
onservation in the transverse plane impliesthat events with only two jets always have ��H�jj � �,

so the 
onstraint ��H�jj > ��
utH�jj for
es the kinemat-i
s into the ex
lusive 2-jet region and restri
ts additionalemissions. Hen
e, it behaves similar to p
utTHjj and for� ���
utH�jj! 0 indu
es large logarithms in the pertur-bative series. The ex
lusive 2-jet 
ross se
tion in termsof ��
utH�jj is written as�2(��H�jj > ��
utH�jj) = ��2 � ��3(��H�jj < ��
utH�jj ) ;(18)with the remaining VBF 
uts applied in all three 
rossse
tions. The right panel of Fig. 1 shows �2(��H�jj >��
utH�jj) plotted as a fun
tion of � ���
utH�jj , where one
an 
learly see the very similar behavior to the p
utTHjj
ase in the left panel. Here, the ex
lusive 
ut on ��H�jjstarts having a noti
eable e�e
t below ����H�jj <� 0:6,and the �xed-order perturbative expansion breaks downbelow around � ��� <� 0:2. In the transition region inbetween, the dire
t s
ale variations again do not providea meaningful un
ertainty estimate, be
ause they negle
tthe e�e
t of �
ut.B. In
lusive S
ale Un
ertaintiesThe two �xed-order s
ale variation un
ertainties werequire as inputs are ���2 and ���3. In Fig. 1, one 
analready see that the s
ale variation is asymmetri
 at largevalues of p
utTHjj and � � ��
utH�jj . In Fig. 2, we showthe s
ale dependen
e of the in
lusive 2-jet 
ross se
tion,��2, where we plot it over a range of 1=4 < �r=mH < 4for three di�erent values of �f . We take �f = �r =mH , 
orresponding to the �r=mH = 1 point on the bluesolid line, as our 
entral value for ��2, and 
onsider therange 0:5 � �r=mH � 2 to estimate the in
lusive s
aleun
ertainty. The maximum deviation from the 
entralvalue is given by the green dotted 
urve for �f = �r =2mH . We use this maximum variation to 
onstru
t asymmetri
 un
ertainty ���2, as shown by the un
ertainty
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tion over a range of �r=mH for ATLAS VBF sele
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urves show di�erent values of �f . The blue solid, green dotted, and green dashed 
urves 
orrespond to�f = mH , �f = 2mH , and �f = mH=2, respe
tively. The un
ertainty bars show the in
lusive 2-jet s
ale variation un
ertainty.

0
0 10 20 30 40 50 60 70 80 90 100

0.05

0.1

0.15

0.2

pcut
THjj [GeV]

σ
≥
3
(p

cu
t

T
H

j
j
)
[p
b
]

ATLAS 2-jet selection

mjj >400GeV, ∆ηjj >2.8

mH =125GeV
gg→H+3j (LO 8TeV)

∆σµ
≥3

µ=mH/2

µ=mH

µ=2mH

0
0 1

0.05

0.1

0.15

0.2

0.2 0.4 0.6 0.8 1.2 1.4

π − ∆φcut
H−jj

σ
≥
3
(∆

φ
cu

t
H
−
j
j
)
[p
b
]

ATLAS 2-jet selection

mjj >400GeV, ∆ηjj >2.8

mH =125GeV
gg→H+3j (LO 8TeV)

∆σµ
≥3

µ=mH/2

µ=mH

µ=2mH

FIG. 3: In
lusive 3-jet 
ross se
tion as a fun
tion of p
utTHjj (left panel) and � � ��
utH�jj (right panel) for the ATLAS VBFsele
tion. The outer solid green lines show the in
lusive 3-jet s
ale variation un
ertainty after symmetrization.bar in the �gure. It 
orresponds to a relative un
ertaintyat NLO of 21%, whi
h is similar to what was found inearlier studies [13, 14℄ where a somewhat looser VBFsele
tion was used. The 
orresponding un
ertainty atLO is +76% and �40%.In Fig. 3, we illustrate the s
ale variation un
ertaintiesfor the in
lusive 3-jet 
ross se
tion, ��3, for both p
utTHjjand ��
utH�jj , and using the ATLAS sele
tion as example.(The results for ��3 with the CMS sele
tions look verysimilar ex
ept for the di�erent overall s
ale.) The bluesolid line shows the 
ross se
tion for �r = �f = mH ,whi
h we take as the 
entral value for ��3. The greendashed and dotted lines show the s
ale variations �r =�f = mH=2 and �r = �f = 2mH , respe
tively. Forsimpli
ity, we symmetrize the un
ertainty by taking halfof the di�eren
e between the up and down variations asthe in
lusive 3-jet s
ale un
ertainty ���3, i.e., we keepthe size of the band and move it to be symmetri
 about

the 
entral blue line, whi
h is shown by the outer solidgreen lines. The relative un
ertainty is of O(70%) andalmost independent of p
utTHjj and ��
utH�jj . This ratherlarge un
ertainty is not too surprising, sin
e this is aleading-order H + 3j 
ross se
tion, whi
h starts at �5s .C. Ex
lusive Un
ertaintyHaving obtained the perturbative un
ertainties ���2and ���3 in the in
lusive 
ross se
tions from the usuals
ale variation, we now study the resulting un
ertainty�2 in the ex
lusive 2-jet 
ross se
tion a

ording to thedis
ussion in Se
. II. From Eq. (14) we have in general�22 = (���2)2 + (���3)2 � 2����2���3 ; (19)where � is the assumed 
orrelation between ���2 and���3.
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FIG. 4: Perturbative un
ertainties in the ex
lusive 2-jet 
ross se
tion with the ATLAS VBF sele
tion as a fun
tion of p
utTHjj(left panel) and � ���
utH�jj (right panel) for di�erent 
hoi
es of the 
orrelation parameter �. Our default 
hoi
e is � = 0.1. Dependen
e on �We �rst investigate the dependen
e on the 
hoi
e of�. In Fig. 4 we show the un
ertainty in the ex
lusive 2-jet 
ross se
tion as a fun
tion of p
utTHjj and ��
utH�jj fordi�erent values of � from 0 to 0:95. The outermost solid
urves show the un
ertainty obtained with our default
hoi
e � = 0, whi
h e�e
tively assumes that ���2 and���3 are un
orrelated. For � <� 0:4 the results are notvery sensitive to the pre
ise value of �, whi
h is reassuringand shows that � = 0 is in fa
t a safe 
hoi
e on the
onservative side.As � in
reases further, the un
ertainty bands in thetransition region keep shrinking, and for � = 0:95, shownby the innermost dot-dashed lines, pin
h near p
utTHjj '30GeV and ����
utH�jj ' 0:3. (For � = 1 the un
ertaintygoes exa
tly to zero around these points.) This is be
ausefor �! 1, ���3 and ���2 be
ome 100% 
orrelated, whi
his equivalent to the 
ase of dire
t s
ale variation. (Theonly di�eren
e 
ompared to the dire
t s
ale variationswe saw in Fig. 1 is that here we symmetrized the s
alevariations.)One 
an also see that for large 
ut values, where theveto is not relevant and we approa
h the in
lusive 2-jet
ross se
tion, the 
hoi
e of � be
omes irrelevant, be
ausethe absolute size of ���3 be
omes numeri
ally negligible
ompared to ���2.2. Comparison to EÆ
ien
y MethodAnother pres
ription to obtain �xed-order un
ertaintyestimates for ex
lusive jet 
ross se
tion, whi
h is based onusing veto eÆ
ien
ies, was applied in Ref. [17℄ to the 0-jet
ase at NNLO. We will refer to it as \eÆ
ien
y method".In Ref. [36℄ it was shown that for the 
ase of H+0 jetsat NNLO the ST method and eÆ
ien
y method yield

very similar un
ertainties, providing a good 
ross 
he
kon both methods.The starting point in the eÆ
ien
y method is to writethe ex
lusive jet 
ross se
tion in terms of the 
orrespond-ing in
lusive jet 
ross se
tion times the 
orrespondingex
lusive eÆ
ien
y, i.e., applied to our 2-jet 
ase,�2 = ��2�1� ��3��2� � ��2 � �2 ;��3 = ��2 (1� �2) ; (20)where the logarithmi
 series indu
ed by the jet binningnow only a�e
ts the eÆ
ien
y. The basi
 assumption [17℄one then makes is to treat the perturbative un
ertaintiesin ��2 and �2 as un
orrelated (whi
h one 
an think ofas a multipli
ative version of the ST approa
h). Oneshould be aware that this method does not satisfy oneof our starting 
onditions, namely the total un
ertainty��3 for ��3 will not be given by its standard s
ale vari-ation ���3 anymore. Nevertheless, it is a useful way togain additional insights into the size of higher-order 
or-re
tions.The 2-jet eÆ
ien
y �2 = 1 � ��3=��2 is still an ex-
lusive quantity. Similar 
an
ellations between the twoperturbative series for ��2 and ��3 
an happen in theirratio than in their di�eren
e, so the dire
t s
ale variationfor �2 might not provide a reliable un
ertainty estimate.To 
ir
umvent this, in Ref. [17℄ the perturbative un
er-tainty in � is instead estimated by using three di�erents
hemes for how to write the perturbative result for �,whi
h are all equivalent up to the desired order in �s,but di�er in the higher-order terms that are retained ornot.The in
lusive 2-jet and 3-jet 
ross se
tions have thefollowing perturbative stru
ture��2 = �2s��(0)�2 + �s �(1)�2 + �2s �(2)�2 +O(�3s)� ;��3 = �2s��s�(0)�3 + �2s �(1)�3 +O(�3s)� : (21)
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FIG. 5: Ex
lusive 2-jet eÆ
ien
y for di�erent s
hemes in the eÆ
ien
y method for p
utTHjj (left panel) and � ���
utH�jj (rightpanel) using the ATLAS VBF sele
tion.
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FIG. 6: Comparison of the ST method with the eÆ
ien
y method for p
utTHjj (left panel) and ����
utH�jj (right panel) using theATLAS VBF sele
tion. The ex
lusive s
ale un
ertainties from both methods are 
onsistent with ea
h other. The un
ertaintiesfrom the eÆ
ien
y method are very 
lose to those from the ST method with � = 0:4.At NLO, the pie
es we have available are �(0)�2 , �(1)�2 , and�(0)�3 . In s
heme (a) one de�nes the eÆ
ien
y by keepingthe full expressions in numerator and denominator, whi
hat NLO gives�(a)2 = 1� ��3��2 = 1� �s�(0)�3�(0)�2 + �s�(1)�2 +O(�2s) : (22)In s
heme (b) one keeps the same number of terms in theperturbative series in the denominator as in the numera-tor, whi
h in our 
ase amounts to dropping the �(1)�2 termin the denominator,�(b)2 = 1� �s �(0)�3�(0)�2 +O(�2s) : (23)Finally, in s
heme (
) one stri
tly reexpands the ratioto a given order in �s, whi
h to O(�s) unfortunately

yields the same result as s
heme (b). To produ
e anotherexpression with di�ering higher-order terms, the 
losests
heme (
) analog we 
an do is to keep the O(�2s) 
rossterm that 
omes from expanding the denominator, so�(
)2 = 1� �s �(0)�3�(0)�2�1� �s �(1)�2�(0)�2�+O(�2s) : (24)In Fig. 5 we show the result for �2 in the three s
hemesfor both p
utTHjj and ��
utH�jj using the ATLAS VBF se-le
tion. The 
entral lines show the results for �r = �f =� = mH , while the bands are obtained from varying� = f2; 1=2gmH in ea
h s
heme. At NLO the 
entralvalues from the three s
hemes are quite 
lose and still liewithin the dire
t s
ale variation of s
heme (a), so theirdi�eren
e does not provide a useful un
ertainty estimatehere. The dire
t s
ale variation in s
heme (b) is verysmall and in s
heme (
) abnormally large (whi
h is very



9similar to what was seen in Ref. [17℄). Hen
e, in the endthe most reasonable 
hoi
e to get an un
ertainty estimatefor �2 is to just use the dire
t s
ale variation in s
heme(a).In Fig. 6 we 
ompare the results of the ST and eÆ-
ien
y methods for the ex
lusive 2-jet 
ross se
tion �2for both p
utTHjj and ��
utH�jj using the ATLAS VBF se-le
tion. The blue solid 
urve shows our usual NLO 
en-tral value, whi
h is equivalent to the 
entral value froms
heme (a). The light orange solid 
urves are the un
er-tainties obtained in the eÆ
ien
y method by 
ombiningthe s
ale un
ertainties ���2 with the dire
t s
ale vari-ations in �(a)2 treating both as un
orrelated. The darkorange solid 
urves show the default ST un
ertainties for� = 0, whi
h are somewhat larger. The dashed linesshow the ST un
ertainties for � = 0:4, whi
h agree al-most perfe
tly with the eÆ
ien
y method. This resultis not surprising. Basi
ally, to obtain the �2 s
ale un-
ertainty we vary the s
ales 
orrelated in ��2 and ��3,whi
h has the e�e
t of reintrodu
ing a 
ertain amount of
orrelation between ���2 and ���3 when 
onsidering �2,whi
h is also what a nonzero value of � does. Overall, thegood 
onsisten
y between the various methods gives us
on�den
e in the reliability of our un
ertainty estimates.IV. RESULTSIn this se
tion, we present our results for the ex
lusivepp! H +2 jet 
ross se
tion via ggF at NLO, taking STwith � = 0 as our method of 
hoi
e to estimate the per-turbative un
ertainties. All our inputs are summarizedat the beginning of Se
. III. The ATLAS, CMS loose, andCMS tight VBF sele
tion 
uts we apply are summarizedin Table I.A. gg ! H + 2 Jets Cross Se
tion1. pTHjj and ��H�jjIn Fig. 7 we plot the result for the ex
lusive 2-jet 
rossse
tion as a fun
tion of p
utTHjj and ��
utH�jj for the AT-LAS, CMS loose, and CMS tight VBF sele
tions. In allour 
ross se
tion plots the solid blue 
entral line showsthe 
entral-value predi
tion obtained from � = mH ,while the outer orange solid lines show our un
ertaintyestimate. For referen
e, the green dashed and dotted
urves show the dire
t s
ale variation for � = mH=2 and� = 2mH , respe
tively.The overall pi
ture is very similar for all three VBFsele
tions and both binning variables. For large valuesof p
utTHjj or � � ��
utH�jj , the 
ross se
tion ��3 that is
ut away be
omes small and so the e�e
t of �
ut is neg-ligible. In this limit the un
ertainties reprodu
e thosein the in
lusive 2-jet 
ross se
tion, whi
h here are deter-mined by the � = 2mH variation (
f. Se
. III B). On

the other hand, in the transition region, on
e the ex-
lusive 
ut starts to impa
t the 
ross se
tion, the dire
ts
ale variations 
annot be used any longer to estimateun
ertainties, whi
h is exhibited by the 
rossing of thelines. As explained in detail in the previous two se
tions,the reason is that the dire
t s
ale variation only gives anestimate of the yield un
ertainties, whi
h e�e
tively as-sumes the s
ale variations in the in
lusive 
ross se
tionsto be 100% 
orrelated (
orresponding to � = 1). At thesame time it negle
ts the migration un
ertainty in thebinning, whi
h be
omes important as the ex
lusive 
utgets tighter. In the ST pro
edure, this e�e
t is takeninto a

ount expli
itly, whi
h thus gives more robust un-
ertainties for all values of p
utTHjj or ��
utH�jj .In Table II we quote results for the 
ross se
tionsand their per
entage un
ertainties for spe
i�
 
uts. For��H�jj we use the 
urrent experimental value ��H�jj >2:6. Compared to the 21% in the in
lusive 2-jet 
ross se
-tion with VBF 
uts (��2), we see a moderate in
rease inthe un
ertainty in �2(��H�jj > 2:6) to 26% for ATLASand CMS tight, and 24% for CMS loose. For pTHjj weuse a representative value of pTHjj < 30GeV, for whi
hthe un
ertainties in
rease substantially to 44% and 49%for ATLAS and CMS tight, and moderately to 28% forCMS loose. Note that for a �xed 
ut the un
ertaintiesin
rease with a tighter VBF sele
tion. This is also 
learlyvisible in Fig. 7, where the region where the 
ross se
tiondrops and the un
ertainties grow large moves to largervalues of pTHjj or � � ��H�jj , going from CMS looseto ATLAS to CMS tight. We will 
ome ba
k to this inSe
. IVB. 2. Combination of Ex
lusive CutsAs the 
ases of ��H�jj and pTHjj already show, onehas to be 
areful when 
utting on variables whi
h e�e
-tively for
e the kinemati
s in the ex
lusive 2-jet regionand indu
e large logarithms in the perturbative series.Whether implementing a 
ut-based approa
h or in mul-tivariate analysis, it is important to take into a

ount theun
ertainties indu
ed by the ex
lusive restri
tion. As anillustration of the appli
ation of the ST method to a moregeneral 
ase, we now 
onsider the 
ase where we 
ombine
uts on both pTHjj and ��H�jj .Spe
i�
ally, we study the ex
lusive 2-jet 
ross se
tionas a fun
tion of p
utTHjj with an additional 
onstraint thatwe sele
t only events whi
h already have ��H�jj > 2:6.Following Eq. (1), the 
orresponding ex
lusive 2-jet 
rossse
tion 
an be expressed as�2(��H�jj > 2:6; pTHjj < p
utTHjj) (25)= ��2 � ��3(��H�jj < 2:6 or pTHjj > p
utTHjj) :Taking � = 0 for simpli
ity, the 
orresponding ex
lusiveun
ertainty is now given in terms of the un
ertaintiesobtained by s
ale variation in the in
lusive 
ross se
tions
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tionFIG. 7: Ex
lusive pp ! H + 2 jet 
ross se
tion via ggF at NLO for as fun
tion of p
utTHjj (left panels) and � ���
utH�jj (rightpanels) for both ATLAS and CMS VBF sele
tions.as�22(��H�jj > 2:6; pTHjj < p
utTHjj ) (26)= �� 2�2 +�� 2�3(��H�jj < 2:6 or pTHjj > p
utTHjj ) : In Fig. 8, we show �2 as a fun
tion of the p
utTHjj with�xed ��H�jj > 2:6 for the ATLAS and CMS loose VBFsele
tions. As before, the 
ross se
tion for � = mH is



11Sele
tion � [pb℄ Dire
t s
ale variation Combined in
l. un
ertainties� = mH � = 2mH � = mH=2 ST (� = 0)ATLAS��2 0:21 �21%�2(pTHjj < 30GeV) 0:15 �8% �29% �44%�2(��H�jj > 2:6) 0:19 �17% �4% �26%�2(pTHjj < 30GeV; ��H�jj > 2:6) 0:14 �5% �45% �56%CMS loose��2 0:41 �21%�2(pTHjj < 30GeV) 0:35 �18% 0% �28%�2(��H�jj > 2:6) 0:39 �20% +9% �24%�2(pTHjj < 30GeV; ��H�jj > 2:6) 0:34 �16% �4% �31%CMS tight��2 0:12 �21%�2(pTHjj < 30GeV) 0:08 �8% �35% �49%�2(��H�jj > 2:6) 0:10 �19% �1% �26%�2(pTHjj < 30GeV; ��H�jj > 2:6) 0:07 �7% �46% �53%TABLE II: Perturbative un
ertainties at NLO in the ex
lusive pp! H + 2 jet 
ross se
tion via gluon fusion for 
uts on pTHjjand ��H�jj for both ATLAS and CMS VBF sele
tions.
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∆σ2 (ST: ρ=0)FIG. 8: Ex
lusive 2-jet 
ross se
tion as a fun
tion of p
utTHjj with an additional 
ut ��H�jj > 2:6 using the ATLAS (left panel)and CMS loose (right panel) VBF sele
tions.the 
entral solid blue 
urve and the green dashed anddotted 
urves show the result of dire
t s
ale variation bya fa
tor of two, while the outer solid orange lines showthe un
ertainties obtained from Eq. (26). As shown inTable II, for p
utTHjj = 30GeV we now get 56%, 31%, and53% un
ertainty for ATLAS, CMS loose, and CMS tight,whi
h is slightly in
reased 
ompared to not having theadditional 
ut on ��H�jj . For large values of p
utTHjj theun
ertainties in Fig. 8 
orre
tly reprodu
e the ex
lusiveun
ertainties for �2(��H�jj > 2:6) without the 
ut onpTHjj [see Figs. 7(b) and 7(d)℄.B. Un
ertainties in ggF-VBF SeparationThe VBF produ
tion pro
ess is 
hara
terized by twoforward jets with large rapidity separation and large di-

jet invariant mass. The VBF sele
tion 
uts used by theATLAS and CMS experiments enhan
e the VBF 
on-tribution, but a signi�
ant � 25% ggF 
ontribution re-mains. Sin
e the VBF 
ross se
tion is known rather pre-
isely, an important sour
e of theoreti
al un
ertainty inthe extra
tion of the VBF signal is the large perturba-tive un
ertainty in the ggF 
ontribution. After subtra
t-ing the non-Higgs ba
kgrounds (whi
h are of 
ourse an-other sour
e of un
ertainty), the measured 
ross se
tionfor Higgs produ
tion after implementing the VBF sele
-tion is given by�measured2 (��
utH�jj ) = �VBF2 (��
utH�jj) + �ggF2 (��
utH�jj ) :(27)For the purpose of extra
ting the VBF 
ross se
-tion, we e�e
tively have to subtra
t the theory pre-
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(d) CMS loose VBF sele
tionFIG. 9: Theoreti
al un
ertainties of the ggF 
ontribution relative to the VBF 
ross se
tion as fun
tion of p
utTHjj (left panels)and ��
utH�jj (right panels) for the ATLAS VBF sele
tion (top panels) and CMS loose VBF sele
tion (bottom panels). Thesolid orange lines show the perturbative un
ertainties in �ggF2 , the green dotted lines a 
at 20% parametri
 un
ertainty in �ggF2 ,and the dashed blue lines both 
ontributions added in quadrature.di
tion for �ggF2 (��
utH�jj ) from �measured2 (��
utH�jj ).Therefore, the relevant �gure of merit is��ggF2 (��
utH�jj )=�VBF2 (��
utH�jj ), i.e., the theory un-
ertainty in �ggF2 measured relative to the expe
ted VBF
ross se
tion, �VBF2 .In Fig. 9 we show the ggF un
ertainty relative tothe VBF signal 
ross se
tion over a range of p
utTHjj and��
utH�jj using the ATLAS and CMS loose VBF sele
tions.In these plots, the solid orange 
urve shows our resultsfor the NLO perturbative un
ertainties (
orrespondingto the orange lines in Fig. 7). For 
omparison, the greendotted 
urve shows a �xed 20% un
ertainty in the ggF
ross se
tion, i.e., taking ��ggF2 = 0:2�ggF2 , whi
h forexample 
ould be due to PDF and �s parametri
 un
er-tainties. Hen
e, the green dotted lines e�e
tively tra
kthe size of the ggF 
ross se
tion relative to the VBF 
ross

se
tion (multiplied by 0:2). In the dashed blue lines, bothun
ertainty 
ontributions are added in quadrature.In the region of low p
utTHjj or � ���
utH�jj , the relativeun
ertainty 
oming from the ggF 
ontribution qui
klyin
reases below pTHjj <� 30GeV and � ���H�jj <� 0:4.This is despite the fa
t that the relative ggF 
ross se
-tion qui
kly de
reases there, as 
an be inferred from thede
rease in the dotted green lines. In this region, the to-tal un
ertainty shown by the blue dashed 
urve be
omes
ompletely dominated by the perturbative ggF un
er-tainty. Hen
e, one should be 
areful when implementingand optimizing either indire
t restri
tions on additionalradiation, like ��H�jj , or expli
it pT -vetoes like pTHjj ,sin
e the gain in sensitivity in the Higgs signal from re-du
ed non-Higgs ba
kgrounds must be weighed againstthe in
reased theoreti
al un
ertainty in separating theggF and VBF 
ontributions.
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FIG. 10: Ex
lusive 2-jet 
ross se
tion over a range of m
utjj for �xed pTHjj < 30GeV (left panel) and �xed ��H�jj > 2:6 (rightpanel) for the ATLAS VBF sele
tion.
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FIG. 11: Perturbative un
ertainties of the ggF 
ontribution relative to the VBF 
ross se
tion over a range of m
utjj for �xedpTHjj < 30GeV (left panel) and �xed ��H�jj > 2:6 (right panel) for the ATLAS VBF sele
tion.We already saw in Se
. IVA that the perturbative un-
ertainties in the ex
lusive 2-jet 
ross se
tion also dependon the 
hosen VBF 
uts and in
rease with a higher 
ut onthe dijet invariant mass,mjj . The reason for this e�e
t isthat at higher mjj the e�e
tive hard s
ale in the pro
essis also pushed higher 
ausing the logarithmi
 
orre
tionsat a given value of p
utTHjj to in
rease. This is seen ex-pli
itly in Fig. 10, whi
h shows the ex
lusive 2-jet 
rossse
tion over a range of m
utjj using the ATLAS VBF se-le
tion for a �xed 
ut pTHjj < 30GeV or ��H�jj > 2:6,where the 
urves have the same meaning as in Figs. 7and 8. As expe
ted, with a 
ut on pTHjj < 30GeV, wesee that the relative un
ertainty in the ggF 
ross se
tiongrows for largermjj values, and rea
hes almost 100% formjj >� 800GeV. Note however that for su
h large mjj
uts one might have to reevaluate whether � = mH isstill an appropriate s
ale 
hoi
e for this pro
ess. Witha 
ut on ��H�jj > 2:6, the relative un
ertainty in theggF 
ross se
tion stays roughly 
onstant for larger mjjpresumably be
ause this 
ut is somewhat milder, whi
h

we also saw in the results in Table II.In Fig. 11 we show the ggF un
ertainty relative to theVBF 
ross se
tion analogous to Fig. 9. We 
an 
learlysee that in this 
ase tightening the 
ut on mjj does im-prove the separation of the ggF and VBF 
ontributions,as the perturbative ggF un
ertainty relative to the VBF
ross se
tion, shown by the orange 
urves, de
reases. Inthis 
ase, the overall redu
tion of the ggF 
ontamina-tion relative to the VBF 
ross se
tion is stronger thanthe in
rease in the perturbative un
ertainties of the ggF
ontribution. V. CONCLUSIONSIn order to enhan
e the VBF signal over non-Higgsba
kgrounds as well as the ggF 
ontribution, the typi-
al VBF sele
tion 
uts used by the ATLAS and CMSexperiments in
lude either indire
t or dire
t restri
tionson additional emissions. Su
h restri
tions 
onstitute a



14nontrivial jet binning, where the in
lusive 2-jet 
ross se
-tion is e�e
tively divided into an ex
lusive 2-jet bin anda remaining in
lusive 3-jet bin.With su
h a jet binning one has to a

ount for twosour
es of perturbative un
ertainties. In addition to theabsolute yield un
ertainty whi
h is 
orrelated betweenthe jet bins, there is also a migration un
ertainty whi
h isanti
orrelated and drops out in the sum of the bins. Thismigration un
ertainty is asso
iated with the perturbativeun
ertainty in the logarithmi
 series that is introdu
ed bythe ex
lusive binning 
ut. As the binning 
ut be
omestighter, the logarithms grow large and eventually lead toa breakdown of �xed-order perturbation theory, at whi
hpoint a logarithmi
 resummation be
omes ne
essary.In pra
ti
e, the experimentally relevant region typi-
ally lies inside the transition region between the fullyin
lusive region (no binning) and the extreme ex
lusiveregion (very tight binning). In this region, �xed-orderperturbation theory 
an still be applied. However, sin
ethe logarithms are already sizeable, one has to expli
itlytake into a

ount the migration un
ertainty. This 
an be

a
hieved using the ST method.We studied in detail the appli
ation of the ST methodfor pp! H + 2 jets via ggF, in
luding its generalizationand validation against alternative pres
riptions. We �ndthat the perturbative un
ertainties are very sensitive tothe ex
lusive 
ut and 
an qui
kly be
ome sizeable. Whileapplying a strong restri
tion on additional emissions isexpe
ted to in
rease the sensitivity to the VBF signal,it is not ne
essarily bene�
ial for distinguishing the VBFand ggF produ
tion modes be
ause of the qui
kly in
reas-ing ggF un
ertainties. Hen
e, it would be important toin
lude the perturbative un
ertainties as a fun
tion of thebinning 
ut when optimizing the experimental sele
tions.A
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