Dear Editor,
We would like to thank the referee(s) for reviewing this paper and furnishing the report. We have carefully considered all comments, and have applied several changes to the original version of the paper to address the issues raised. Detailed responses to all the comments can be found below. 

We also found a few minor things in the submitted manuscript that we would like to fix and list them below together with the proposed modifications. Finally we also propose to cite two recent preprints that appeared during the preparation of the manuscript, see also the details below. We are at your disposal for any further clarifications and/or additional information.

Sincerely,
CMS Collaboration

Reviewer #1:   

I have reviewed manuscript number PLB-D-14-00667 entitled "Constraints on the Higgs boson width from off-shell production and decay to Z-boson pairs". I found the paper to be reasonably well written and the results to be extremely important and impressive.   The paper describes a method to indirectly constrain that Higgs boson total width using the rate of (off shell) Higgs boson events using the high-invariant-mass four lepton sample.  This idea seems to be relatively new -- I was not aware of it, and the cited papers were from within the last year or two. It took me some time to understand the gist of the physics (and my understanding is still limited).  In addition, both the analysis and statistical techniques of the paper are   quite advanced.  All of this makes it difficult to  confirm the validity of the analysis. That being said, given the level of review for the H-4l analysis for the recent Higgs boson discovery I'm confident that these sophisticated techniques have been mastered by the CMS collaboration.  In one of the final paragraphs the authors briefly list some of the cross checks that I would have suggested and quote the compatibility with the SM hypothesis. So, I am happy with the physics content of the paper (although, I don't fully understand all of the calculations).  My only concern with the paper is that the analysis steps and the physical properties that are being leveraged are hard to follow as written.  I strongly recommend publication as soon as possible.  I have some comments below to point out where I thought more information would be useful, but I don't any of them should be required for publication.   If the authors are able to improve the paper to help other readers avoid some of the confusion that I had that would even be better.  

Comments:    

-- It seems that CMS has been working closely with theorists, but an external peer review from a theorist might also be valuable.  Specifically, I'm not in a position to easily ascertain the validity of:      

-->  The Higgs width effect on the shapes of distributions in high m_zz region (crucial for this  analysis).     

-->  The interference term calculations for gg-4l    

-->  The MC/simulation tools and choices made to generate the various signal samples.    

We indeed have worked very closely with theorists on this analysis and this is reflected in the long acknowledgment to all those who provided direct input and/or calculation to this analysis. These concern in particular:

- the calculation of the mZZ-dependent NNLO/LO K-factor and uncertainty from G. Passarino (ref. [14], published for this analysis);
- the estimation of the gg->VV background K-factor uncertainty by F. Caola (following discussions related to the work described in ref. [22] that is also used to assign the gg->VV background K-factor nominal value);
- the numerical evaluation of the EWK correction to qq->ZZ and associated uncertainties vs m4l by T. Kasprzik (based on the work described in ref. [32-33]);
- the estimation of the variation of the K-factor as a function of mZZ in VBF processes by M. Zaro;
- the improvement of MC generators for the computation of signal and background processes, in particular MCFM, gg2VV, PHANTOM and JHUGEN.

These developments were also discussed at a meeting from the LHCXSWG at CERN last February. We believe these are state-of-the-art on the theory side for the analysis of the off-shell production. 

-- I was a little surprised that the 4l and llvv analyses carry such similar weight. From table 1, I would have naively expected better sensitivity from the 4l hypothesis. In addition, I would expect the matrix element tools to further enhance the 4l signal region.  Could you explain why they have similar sensitivity?    

The 2l2nu benefits from a higher branching fraction. In the high mass CMS Higgs search it is seen to supersede the 4l analysis at a mass m4l>~400-500 GeV, while at lower masses the 4l channel performs better. As the bulk of the sensitivity of this analysis is in the region 330<m4l<600 GeV, it is expected that the 2l2nu channel performs similarly. This is reflected in table 1, where the main gain from the Dgg discriminant is already included since this region includes a cut Dgg>0.65 and where the quoted uncertainties are systematic only.

To make it more clear we add at the end of the caption a new sentence: “The quoted uncertainties include only systematic sources.”

-- on-shell  v/s  off-shell discussion:

     --  I had trouble following the discussion in the first read or two.  I think you should be very careful to specify what is on and off shell in each discussion.  For example, you are often discussion Higgs boson's off shell, but in the "on-shell" region at least one (or both) of the Z bosons must also be off-shell.  And, in the off shell, high mass region, both Z bosons may be on shell.  Anyway, I found myself getting confused, os it might be nice to go through and make sure it is clear what is off shell in each case.

     -- On shell:  gg-H-ZZ* 

     -- Off shell:  gg-H*-ZZ (would it be useful to add the "*" (stars) in equation 2? 

Indeed we have in the second paragraph of the introduction some wordings about on-shell Z boson pair and on-shell top quark production that may lead to confusion. Everywhere else, “on-shell” and “off-shell” refer to the Higgs boson production. We follow the suggestion and add “*” in eq. 2. We also drop “on-shell” for the Z pair and top quark pair thresholds in the second paragraph of the introduction that are not really needed and changed it to read:

“This arises from an enhancement in the decay from the vicinity of the Z-boson pair production threshold. A further enhancement comes, in gluon fusion production, from the top-quark pair production threshold.” 

       -- I think it would be better to split up equation 2.  First I found it confusion that you would integrate   in these two regions, and I overlooked the word "respectively" the first time.

We agree that the sentence "Integrating in a small region around mH, and above a mass threshold mZZ> 2mZ …" is a bit confusing because it is here either the former or the later, but not both at the same time. We modify the text to read: "Integrating either in a small region around mH, or above the mass threshold mZZ> 2mZ …" to make this more clear.

          -- In fact, I found equation 2 confusing.  Basically it suggests that the off-shell cross section is not dependent on the Higgs width.  However, the figures later in the paper show that the off shell differential cross section is dependent on the the Higgs width and this is in fact the main feature that you use for the analysis!  I understand the point of showing equation 2, but it caused me some confusion when trying to understand the underlying physics that you use to extract the constraint. For example, in table II, the total gg component changes a lot when you multiply the width by a factor of 10.  From equation II, I might incorrectly conclude that only the rate in the on shell region         should change.

The change of gg yield in the off-shell region is due to the scaling of the couplings. We modify the text to make more clear that we are scaling both the width and the couplings. We first added a new sentence:

“In particular, the on-shell production cross section is unchanged under a common scaling factor of the square product of the couplings and of the total width GammaH, while the off-shell production cross section increases linearly with this scaling factor.” We also added in the captions of fig. 3, table 1, and fig.4 that both the width and couplings are scaled: 

“… with a Higgs boson width GammaH=10xGammaH^SM” 

(
“… for a Higgs boson width and a squared product of the couplings scaled by a factor 10 with respect to their SM values.”


  -- qq background

     -- This is the dominant background in the most signal like region of both channels.  Presumably uncertainties on this background are the most important for the analysis sensitivity.  While the "on-shell" region must have been heavily vetted during the Higgs discovery, I'm not as confident in the "off-shell" region.  What shape uncertainties are included for the qq background?  How have they been constrained?  Do any of them have a significant impact on sensitivity.  In general, it would be nice to understand which systematics limit sensitivity.  You give a long list of systematics but very little information on which ones are important.  Does anything change the shape in the high mass "off shell" region in a way similar to increasing the Higgs width.

We include the following shape uncertainties for the qq background: 

- scale uncertainty, with a variation of 4-10% from 200 GeV to 800 GeV;
- uncertainty due to missing contributions w.r.t. full NLO QCD and NLO EW evaluation: 2-6% depending on mass; 

- PDF uncertainty: negligible variation with mass (<1%) but is included. 

We realize that the second uncertainty, which is important, was not listed and therefore modify the text as follows: 

"Theoretical uncertainties in the qq background contribution are within 4–10% depending on mZZ [7]."

 --> 

"Theoretical uncertainties from QCD scales in the qq background contribution are within 4–10% depending on mZZ [7]. An additional uncertainty of 2-6% is included to account for missing higher order contributions with respect to a full NLO QCD and NLO EW evaluation." 

In general, the most important systematics are the qq->ZZ scale uncertainty and the uncertainty in EWK corrections, as well as the scale uncertainty in gg->ZZ. The uncertainty in the K-factor for the gg process also contributes, through the interference. As the yields are constrained by the on-shell region in the fit, the effect of theory uncertainties in the end is rather small, as in general the difference between the off-shell and on-shell regions is small. The total systematic uncertainty is dominated by the larger instrumental uncertainty in the 2l2nu channel and in particular the data-driven background estimate in this channel. We now add in the result section the fitted value for the combined expected limit without systematics included and specify the respective contributions: 

“The best fit values and 68% CL intervals are ΓH = 1.9+11.7 MeV and ΓH = 1.8+12.4 MeV for the 4l analysis and for the analysis combining the 4l on-shell and 2l2ν off-shell regions, respectively.“

 --> 

“The best fit values and 68% CL intervals are ΓH = 1.9+11.7 MeV and ΓH = 1.8+12.4 MeV for the 4l analysis and for the analysis combining the 4l on-shell and 2l2ν off-shell regions, respectively. The expected limit for the two channels combined without including the systematic uncertainties is ΓH<28 MeV at a 95%CL. The effect of systematic uncertainties is driven by the 2l2nu channel with larger experimental uncertainties in signal efficiencies and background estimation from control samples in data, while the result in the 4l channel is largely dominated by the statistical uncertainty.”
     -- The rate uncertainty of less than 10% in the "off-shell" region seems aggressive.   Is this number as constrained from the fit, or is the a priori value?  If not constrained, is it constrained significantly lower in the likelihood fit?   Are there uncertainties that allow some freedom for the normalizations between the "off-shell" and "on-shell" regions?

Yes, there are uncertainties in shape, i.e. they change as a function of the mass.

  -- When you describe figure 3 and table 1, this might be a good time to clarify/remind the reader of some points that are critical to the analysis. They seem obvious to you, but maybe not to the reader. In the off-shell signal region, the rate and shape of the gg component are sensitive to the Higgs boson width. This can be used to constrain the width...

We modify the text as follows:

 "The expected m4l... are also shown" 

(
 "The expected m4l ... are also presented, showing the enhancement arising from the scaling of the squared product of the couplings."
  -- Figure 3 caption: the last sentence refers to the "left" figure, but I guess it should be "top".

Indeed. We modified the text, and now specify “top” and “bottom” everywhere in the text and the caption.

- In the conclusion, please attempt to quantify the level of improvement compared to previous constraints.  

The improvement compared to constraint from direct measurement is more than 2 orders of magnitude. We do not think it is worth to quote a precise value here for such a huge improvement, but we modified the text, which now says:

“This result improves by more than two order of magnitudes upon previous ...”

Reviewer #2: Following the discovery of an SM-like Higgs boson, the detailed study of its properties has become a high priority in the field and several results in this direction (mass measurements, coupling and spin/CP studies, search for rare/anomalous decays) have become recently available. Frequently the achieved precision in these results exceeded the initial expectation; not only through the implementation of advanced experimental techniques, but also by highly profiting from the dialogue between the theoretical and experimental communities. This paper, exploiting a novel technique to provide constraints on the Higgs boson width to a level which is by far better with respect to what was commonly expected to be feasible at a hadron machine, is an example of this fruitful collaboration. The presented result is very important and deserves publication in PLB.  

Overall, it is clear from the manuscript that a substantial amount of careful work has been put into this paper. However, in several cases it is quite difficult to follow the text: a) the paper is presented as a bulky document without sections/sub-sections. although an underlying organization in the flow of information is present, it would facilitate    substantially the reader if section headers were added. 

As the referee commented, there is an underlying structure in the paper. We believe it suffices here, as the paper is rather short.

b) some interesting pieces of information appear in the paper much later than anticipated; for example - although referred to earlier on - the Higgs boson mass assumed in the paper is not given until page 3. Another example is the sentence in page 2: "The limited theoretical knowledge of the background K factor at NNLO is taken into account by including an additional systematic uncertainty, the impact of which on the measurement is nevertheless small.", where neither the size nor the impact of the uncertainty is provided and the reader needs to read all the way through to page 5 where it is quoted: "For the gg->ZZ continuum background production, we assign a 10% additional uncertainty on the    K factor, ...".  

We followed the referee suggestion here and moved the sentence quoting the Higgs boson mass and corresponding SM width to the end of the introduction.

“The analysis is performed for the tree-level … are discussed.”

-->

“The analysis is performed for the tree-level … are discussed. The Higgs boson mass is set to the measured value in the 4l decay channel of ... and the Higgs boson width to the corresponding ... 4.15 MeV [8,9].”
Regarding the result itself, given that it is the first time this novel technique is exploited by an experimental collaboration, I'd have a couple of general questions: 

a) although there are several important theory and experiment systematic uncertainties affecting this analysis, no clear quantitative estimates of their impact are provided. it would be very useful for example to have the estimate of the impact of the systematic uncertainties on the expected and observed limits. 

We now add in the result section the fitted value for the combined expected limit without syst. included and some words on the respective contributions of the two channels. 

“The best fit values and 68% CL intervals are ΓH = 1.9+11.7 MeV and ΓH = 1.8+12.4 MeV for the 4l analysis and for the analysis combining the 4l on-shell and 2l2ν off-shell regions, respectively. “ 

--> 

“The best fit values and 68% CL intervals are ΓH = 1.9+11.7 MeV and ΓH = 1.8+12.4 MeV for the 4l analysis and for the analysis combining the 4l on-shell and 2l2ν off-shell regions, respectively. The expected limit for the two channels combined without including the systematic uncertainties is ΓH<28 MeV at a 95%CL. The effect of systematic uncertainties is driven by the 2l2nu channel with larger experimental uncertainties in signal efficiencies and background estimation from control samples in data, while the result in the 4l channel is largely dominated by the statistical uncertainty.”

b) the SM production rate was assumed for the dominant qq->ZZ background. Given the availability of side-bands for this background both in m4l and Dgg, wouldn't it be possible to constraint this contribution directly from the data, and deal only with    potential systematic uncertainties on the transfer of this estimate to the signal region? 

We have checked the agreement between data and SM expectation for the backgrounds in a control region defined by inverted cuts 220<m4l<330 GeV and Dgg<0.5. This region is not free of gg->ZZ though, with a contamination of ~15%, but is almost free of signal. We do not use it in the analysis as the statistics are rather small but we have checked that the agreement between expectation and data is good. We would like to point out that there is no clear sideband which would be free from the gg->ZZ contribution. It is indeed possible to define a sideband which would be mostly free of the signal contribution, but it is not free of the gg->ZZ background. Moreover, with the current statistics, uncertainties from using simulation are smaller than uncertainties associated with using the sidebands, including systematic uncertainties from the gg->ZZ subtraction and transfer procedures.

c) the potential effect of this result in the Higgs boson coupling studies and the "global coupling fit" is not discussed/mentioned at all. I'd think that such a discussion could be beneficial.  

We prefer to leave this for a future paper that would discuss such combination.

A few more detailed comments/questions/suggestions that I believe will contribute to improving the presentation of the result and a better understanding for the reader are given below by page, column, first words of paragraph and line in paragraph.  

-Abstract : "which is 5.4 times the expected value in the standard model at the measured mass." strongly suggest to already provide here, explicitly, the Higgs boson mass assumed through-out the paper. 

We added the mass value in the abstract as suggested.

-1,1,The discovery of,4: instead of the generic statement "near 125 GeV," suggest to quote the current best estimate for the mass and/or the assumed mass for this paper. 

The statement here is generic and refers to ATLAS and CMS measurements. Moreover the introduction argument does not depend on the precise Higgs mass value. We nevertheless follow the suggestion to quote earlier the mass value and quote it now

at the end of the introduction where we present the analysis (paragraph starting “In this letter” and ending “... are discussed.”, see the answer to previous comment)

-1,1,The discovery of,7: "The measurement was found..." it is not clear to which measurement in particular this statement refers to. 

We refer to all results in refs. [4-7]. We modified the text to read “The measurements ...”

-1,1,It was recently proposed,6: suggest "in the decay branching ratio". 

We modified the text according to the suggestion --> “in the decay amplitude”.

-1,2,The gluon fusion,12: is the running of the couplings taken into account? 

Yes, it is taken into account.

-2,2,The analysis in,5: the definitions of the "on/off-shell" regions are given without any justification (ditto in line 17 of the same paragraph). it is quite important to explain how the decision on the definition of these regions was made (i.e. what was the optimization procedure). This is important in particular since from Fig.2 it seems that choosing m4l>220GeV excludes the two immediately lower bins where more events are observed with respect to the expectation. 

The choice for the definition of the on-shell region is the same as in ref. [7]. The choice of the off-shell region was motivated to avoid the steep rise of the ZZ production and also we checked that the signal was negligible in this region. It is worth to mention here that the choice was made before looking at the data, as all the other choices of the analysis and as was done also in  [7]. The following sentence has been added: “The choice of the off-shell regions in both channels is done prior to looking at the data, based on the expected sensitivity.” 
-2,2,Simulated Monte Carlo,29: it would be useful to provide the magnitude of the systematic uncertainty, and a quantitative statement on its effect. (see also general comment above) 

The magnitude of the uncertainty is given in the systematic uncertainty section. We do not think it should be added here, as it belongs to the systematic uncertainty discussion. 

-4,1,anomalous gg contribution,2: although I'm completely in agreement with your later statement "fixing the parameter a to a given value only affects the sensitivity of the analysis", it is not clear why the choice a=10 was made; in particular since - as it is clearly stated - the sensitivity of the analysis does not change substantially by moving parameter a up/down by a factor of two. for example, since a null result is expected one could naively argue that setting a=1 would provide the best sensitivity for the analysis. was there an optimization procedure involved in this choice? it would be very useful to comment on that. 

The referee suggests that the best sensitivity would be achieved when a=1. However, this would be true only with greatly increased statistics when we are sensitive to the width close to the standard model expectation. What matters here is not where the minimum of the -2lnL distribution occurs, but where the 95% CL level is reached, since this is the primary result of our analysis. Therefore, the expected sensitivity corresponds to a=10. Nonetheless, as already pointed, the exact value of ‘a’ has little effect on the expected performance.
-4,1,As an illustration,3 / 4,1,As an illustration,8 /4,2,Higgs boson width,6 and Table 1: i assume that the region m4l>330GeV and Dgg>0.65 was chosen so that the numbers/figures are representative of the sensitivity of the analysis. it would be useful to comment on how this region was decided, eg do these value maximize the cut-and-count sensitivity of the analysis? ditto for the 2l2v final state. 

These regions were defined prior to looking at the data and were indeed designed to enhance sensitivity of the analysis. However, we would still like to stress that these regions were chosen only for illustration and they are not used to derive any quantitative results.
-4,2,Systematic uncertainties,10: It would useful to elaborate on the statement "signal and background normalization are partially correlated between the low- and high-mass regions". what does "partially" really means in this context? 

We changed the sentence "In the 4l final state ... high-mass region" to read "In the 4l final state, only the latter type of systematic uncertainty affects the measurement of Gamma_H, since normalization uncertainties change on-shell and off-shell yields by the same amount."

-7,1,The three parameters,3: it would be useful to quantify the statement "almost identical" 

In the CMS HZZ4l paper (ref. [7]) the fitted values are: mu_V=1.7+2.2-1.7 and mu_F=0.81+0.49-0.38. In this analysis the fitted values are: mu_V=1.7+2.2-1.7 and mu_F=0.81+0.47-0.37. The values are fully consistent and we believe it is not worth to present here any new values, as this could create confusion on what values to be used from CMS. We also make the fit results public in the twiki page supporting the analysis: 

https://twiki.cern.ch/twiki/bin/viewauth/CMS/HIG14002Pub
-7,1,The fit results,5: as pointed out earlier, the systematic uncertainties (in particular the theory ones) are an important part of this analysis. it would be important and useful to have a quantitative statement on their effect. 

We added a sentence on the effect of syst. uncertainties in the result section, see the answer to the previous comment:

“The best fit values and 68% CL intervals are ΓH = 1.9+11.7 MeV and ΓH = 1.8+12.4 MeV for the 4l analysis and for the analysis combining the 4l on-shell and 2l2ν off-shell regions, respectively.“ 

--> 

“The best fit values and 68% CL intervals are ΓH = 1.9+11.7 MeV and ΓH = 1.8+12.4 MeV for the 4l analysis and for the analysis combining the 4l on-shell and 2l2ν off-shell regions, respectively. The expected limit for the two channels combined without including the systematic uncertainties is ΓH<28 MeV at a 95%CL. The effect of systematic uncertainties is driven by the 2l2nu channel with larger experimental uncertainties on signal efficiencies and data-driven background estimation, while the measurement in the 4l channel is largely dominated by the statistical uncertainty.”

Further proposed additions/modifications from the authors:

=============================================

As mentioned above we introduced a few additional fixes in the manuscript. We list them below:

· the arXiv links for refs. [32] and [33] were wrong: we fixed them;
· the energy and luminosity quoted in fig.4 should be rather 8 TeV and 19.7/fb as only the 2012 dataset is used in this channel as mentioned in the text. 

· The HZZ4l CMS run 1 paper [7] is now published, so we now quote “PRD 89 (2014) 092007” instead of “submitted to PRD”.

We also added references to two recent papers on the subject. For this, we modified the paragraph just after Eq.6 as follows:

“The above parameterizations in Eqs. (5, 6) are performed for the tree-level HVV coupling of a scalar Higgs boson, consistent with our observations [4, 7]. We find that the presence of anomalous couplings in the HVV interaction would lead to enhanced on-shell production and would make our constraint tighter. Further discussion can also be found in Ref. [43].“

(
“The above parameterizations in Eqs. (5, 6) are performed for the tree-level HVV coupling of a scalar Higgs boson, consistent with our observations [4, 7]. We find that the presence of anomalous couplings in the HVV interaction would lead to enhanced off-shell production and a more stringent constraint on the width. It is evident that the parameterization in Eq. (5) relies on the modeling of the gluon fusion production with the dominant top-quark loop, therefore no possible new particles are considered in the loop. Further discussion can also be found in Refs. [43–45].“

[44] C. Englert and M. Spannowsky, “Limitations and Opportunities of Off-Shell Coupling Measurements”, (2014). arXiv:1405.0285. 

[45] M. Ghezzi, G. Passarino, and S. Uccirati, “Bounding the Higgs Width Using Effective Field Theory”, (2014). arXiv:1405.1925. 
