


Vector Bosons + Jets, Diphotons 

Stringent tests of pQCD 

Sensitive to quark, gluon           

content  of proton –         

constrain PDFs 

Irreducible backgrounds                   

to many searches 

Inclusive jet production 

Extract S 
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Z 

Elastic 𝒑𝒑 → 𝒑𝒑  scattering 

Proton structure 



Compton scatt. (𝑬𝑻
𝜸
≤ 𝟕𝟎 𝐆𝐞𝐕)       𝒒𝒒  annih. (𝑬𝑻

𝜸
≥ 𝟕𝟎 𝐆𝐞𝐕) 

 

 

 

Sensitive to b, c, g content for PDFs 

 

Measure jet fractions via template                

method in 8 bins of 𝑬𝑻
𝜸
  

Calculate cross sections covering    

𝟑𝟎 < 𝑬𝑻
𝜸
< 𝟑𝟎𝟎 𝐆𝐞𝐕 , 𝒚𝜸 < 𝟏. 𝟎      

𝑬𝑻
𝒋𝒆𝒕

> 𝟐𝟎 𝐆𝐞𝐕 , 𝒚𝒋𝒆𝒕 < 𝟏. 𝟓 
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  

 



 

 

 

 

 

 

 

 

 

 

Modeling deficiencies at high 𝑬𝑻
𝜸
 

Higher order corrections; mis-modeled gluon splitting (e.g. improved 

with increased g splitting to HF q in PYTHIA) 
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𝑴𝒆𝒂𝒔𝒖𝒓𝒆𝒅 NLO PYTHIA 

𝝈 𝒑𝒑 → 𝜸 + 𝒃 + 𝑿  𝟏𝟗. 𝟕 ± 𝟎. 𝟕𝒔𝒕𝒂𝒕 ± 𝟓. 𝟎𝒔𝒚𝒔𝒕 𝟐𝟕. 𝟑−𝟏.𝟓
+𝟐.𝟑 𝟏𝟕. 𝟎 

𝝈 𝒑𝒑 → 𝜸 + 𝒄 + 𝑿  𝟏𝟑𝟐. 𝟐 ± 𝟒. 𝟔𝒔𝒕𝒂𝒕 ± 𝟏𝟗. 𝟐𝒔𝒚𝒔𝒕 𝟏𝟓𝟐. 𝟔−𝟗.𝟔
+𝟏𝟐.𝟐 𝟏𝟎𝟏. 𝟑 

CDF Note 10818 

 

 

http://www-cdf.fnal.gov/physics/new/qcd/photon_HF/gambcpublic.pdf


 

 

 

 

 

 

 

 

 

 

Modeling deficiencies at high 𝑬𝑻
𝜸
 

Higher order corrections; mis-modeled gluon splitting (e.g. improved 

with increased g splitting to HF q in PYTHIA) 
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𝑴𝒆𝒂𝒔𝒖𝒓𝒆𝒅 NLO PYTHIA 

𝝈 𝒑𝒑 → 𝜸 + 𝒃 + 𝑿  𝟏𝟗. 𝟕 ± 𝟎. 𝟕𝒔𝒕𝒂𝒕 ± 𝟓. 𝟎𝒔𝒚𝒔𝒕 𝟐𝟕. 𝟑−𝟏.𝟓
+𝟐.𝟑 𝟏𝟕. 𝟎 

𝝈 𝒑𝒑 → 𝜸 + 𝒄 + 𝑿  𝟏𝟑𝟐. 𝟐 ± 𝟒. 𝟔𝒔𝒕𝒂𝒕 ± 𝟏𝟗. 𝟐𝒔𝒚𝒔𝒕 𝟏𝟓𝟐. 𝟔−𝟗.𝟔
+𝟏𝟐.𝟐 𝟏𝟎𝟏. 𝟑 

CDF Note 10818 

 

 

http://www-cdf.fnal.gov/physics/new/qcd/photon_HF/gambcpublic.pdf


Diff. cross sections as a function of 𝒑𝑻
𝜸
 measured for        

central photons (𝟑𝟎 < 𝒑𝑻
𝜸
< 𝟑𝟎𝟎 𝐆𝐞𝐕, 𝒚𝜸 < 𝟏. 𝟎) &          

forward photons (𝟑𝟎 < 𝒑𝑻
𝜸
< 𝟐𝟎𝟎 𝐆𝐞𝐕, 𝟏. 𝟓 < 𝒚𝜸 < 𝟐. 𝟓) 
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High 𝒑𝑻
𝜸
 deficiencies for NLO & PYTHIA, but               

kT factorization and SHERPA perform much better 

PLB, submitted 3/28/12 

arXiv:1203.5865 

 

http://arxiv.org/abs/1203.5865
http://arxiv.org/abs/1203.5865
http://arxiv.org/abs/1203.5865
http://arxiv.org/abs/1203.5865


Fundamental background to  

𝒁𝑯 → 𝒁𝒃𝒃 , SUSY 𝒃 partners 

Sensitive to b quark PDF  

(important for EW single t prod) 

ANN key improvement over 2 fb-1 

result (acceptance improves 40%) 

Uncertainties reduced using ratios 
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𝑴𝒆𝒂𝒔𝒖𝒓𝒆𝒅 
NLO with MCFM 

𝑸𝟐 = 𝒎𝒁
2 + 𝒑𝑻,𝒁

2  𝑸𝟐 = 𝒑𝑻,𝒋𝒆𝒕
2  

𝝈𝒁_𝒃𝒋𝒆𝒕

𝝈𝒁
 𝟎. 𝟐𝟔𝟏 ± 𝟎. 𝟎𝟐𝟑𝒔𝒕𝒂𝒕 ± 𝟎. 𝟎𝟐𝟑𝒔𝒚𝒔𝒕% 𝟎. 𝟐𝟑% 𝟎. 𝟐𝟗% 

𝝈𝒁_𝒃𝒋𝒆𝒕

𝝈𝒁𝒋𝒆𝒕
 𝟐. 𝟎𝟖 ± 𝟎. 𝟏𝟖𝒔𝒕𝒂𝒕 ± 𝟎. 𝟐𝟕𝒔𝒚𝒔𝒕% 𝟏. 𝟖% 𝟐. 𝟐% 

Z Z 



Differential cross          

section as function                  

of jet pT and |y| 

Normalized to                  

inclusive Z cross          

section 

25% scale uncert.                  

for NLO MCFM 
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CDF Note 10594 

 

 

http://www-cdf.fnal.gov/physics/new/qcd/zbjet2012/cdf10594__9fb_ANNelectron_1.pdf


Dominant background to 𝒕 and 𝒕𝒕  production, SM Higgs, etc. 

Precision measurements critical for enhancing ability to identify new physics 

New measurements of differential cross sections as functions of jet rapidity, 

dijet invariant mass, and W transverse momentum 

Follows up previous results on total cross section        

and differential with respect to 𝑝𝑇
𝑗𝑒𝑡

 

 

 

 

 

 

 

 

 

 

 

 

Good agreement with each theory approach 
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Central region described well by theory, with low uncertainty 

In forward regions where low pT jets dominate, theory overestimates cross 

section 

Many analyses quite sensitive to jet rapidity modeling 
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PLHC2012 Talk 

 

 

https://indico.cern.ch/materialDisplay.py?contribId=164&sessionId=20&materialId=slides&confId=164272


Main background for ZH, SUSY in MET+jets, etc. 

Includes 𝒁 → 𝒆+𝒆− and 𝒁 → 𝝁+𝝁− events 

Extensive analysis of differential cross sections as functions of several 

variables, over different jet multiplicities, with comparisons to many 

theoretical frameworks 

 

Cross section as a function of        

jet multiplicity 

Shows improved performance of                          

NLO BLACKHAT+SHERPA calculation     

      over LO only 
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NNLO contributions expected to be greater for some distributions such as HT 

LOOPSIM “nNLO” addition clearly describes data better at high HT 

Dozens more distributions on public webpage 
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http://www-cdf.fnal.gov/physics/new/qcd/zjets10fb_new/index.html


Prompt photon pairs represent large irreducible 

background to low mass 𝑯 → 𝜸𝜸, searches for heavy 

resonances, extra spatial dimensions, etc.  

Tool to check pQCD soft gluon resummation techniques 

Particularly effective because prompt photons do not interact with other 

FS particles, and are well-measured by EM calorimeters 

Can come from 

 annihilation              gluon fusion             fragmentation 

 

 

 

 

leading order,     important at low mass      suppressed by photon 

dominant at high mass        isolation 
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Prompt photon pairs represent large irreducible 

background to low mass 𝑯 → 𝜸𝜸, searches for heavy 

resonances, extra spatial dimensions, etc.  
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leading order,     important at low mass      suppressed by photon 

dominant at high mass        isolation 
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Total Cross Section (pb) 

Data 𝟏𝟐. 𝟐𝟖 ± 𝟎. 𝟏𝟓𝒔𝒕𝒂𝒕 ± 𝟑. 𝟓𝟐𝒔𝒚𝒔𝒕 

Diphox: NLO prompt, NLO frag 𝟏𝟎. 𝟔 ± 𝟎. 𝟓 

MCFM: NLO prompt, LO frag 𝟏𝟏. 𝟔 ± 𝟎. 𝟑 

ResBos: anal. resummed low pt to NLO high pt 𝟏𝟏. 𝟑 ± 𝟐. 𝟓 

Sherpa: LO shower, improved hard-soft match 𝟏𝟎. 𝟗 

Pythia: LO shower 9. 𝟏𝟗 

NNLO 𝟏𝟏. 𝟖 + 𝟏. 𝟕 − 𝟏. 𝟔 



RESBOS – good at 

low pT where 

resummation 

important, poor in 

regions of strong 

fragmentation (low 

mass, low ) 

NNLO – best overall 

agreement with data 

including 20-50 GeV 

fragmentation 

“shoulder 
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CDF Note 10160 

 

 

http://www-cdf.fnal.gov/~rlc/diphoton/note/pubnote.pdf


Measure 
𝒅𝝈

𝒅𝒕
(𝒑𝒑 → 𝒑𝒑 ) , t = 4-mom2  

Investigate proton structure, constrain soft diffractive models 

Performed in a dedicated run             

using forward proton detectors 

 

Two expected features observed 

|t| position of the local minimum where                  

the logarithmic slope changes is            

reduced at higher center of mass energy           

(compare to UA4) 

Local minimum is less pronounced for                      

𝑝𝑝  than for 𝑝𝑝 (e.g. TOTEM result) 
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PRD, submitted 6/5//12 

arXiv:1206.0687 

 

http://arxiv.org/abs/1206.0687
http://arxiv.org/abs/1206.0687
http://arxiv.org/abs/1206.0687
http://arxiv.org/abs/1206.0687


Running of S has only been tested up to               

momentum transfer scale  𝑸 = 𝟐𝟎𝟖 𝑮𝒆𝑽.                 

At higher scales, modified by ESD 

 

S depends on renormalization scale –        

renormalization group equation relates                 

S(Q0) at one scale to S(Q) at another ,                

but does not give value of S  

Previous S extractions at high Q, used          

inclusive jet cross sections.  PDFs involved use RGE to run S to high 

scales – not an independent test! 

Cross section ratios reduce, but do not eliminate PDF dependence 

New “angular correlation of jets” variable 

 

𝑹∆𝑹 =
# 𝒏𝒆𝒊𝒈𝒉𝒃𝒐𝒓𝒊𝒏𝒈 𝒋𝒆𝒕𝒔

# 𝒊𝒏𝒄𝒍𝒖𝒔𝒊𝒗𝒆 𝒋𝒆𝒕𝒔
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𝑹∆𝑹 =      0           2/3           1 



 

 

 

 

 

 

 

 

Results agree with previous ALEPH, D0 

First independent test of RGE and S running                 

up to 400 GeV 

Confirm RGE prediction that S continues to       

decrease as pT increases above 208 GeV 
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D0 

Analysis 

𝜶𝑺 𝑴𝒁  

𝑹∆𝑹 𝟎. 𝟏𝟏𝟗𝟏−𝟎.𝟎𝟎𝟕𝟏
+𝟎.𝟎𝟎𝟒𝟖 

Inclusive 

jets 

𝟎. 𝟏𝟏𝟔𝟏−𝟎.𝟎𝟎𝟒𝟖
+𝟎.𝟎𝟎𝟒𝟏 

Wine & Cheese 5/18/12 

 

 

http://theory.fnal.gov/jetp/talks/120518-WCalphas.ppt


 

Calibrating detectors 

Precision SM measurements 

 

Deviations from SM 

Backgrounds to and “proof-of-

principle” for Higgs searches 
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Clean signatures 

Isolated lepton(s) {W(Z)} 

Missing ET {W} 

Little recoil/underlying evt 

Well-understood physics 

W Z 

} 
} 



Measurement of  𝒅𝝈/𝒅𝑷𝑻 in      

𝒑𝒑 → 𝒁/𝜸∗ + 𝑿 → 𝒆+𝒆− + 𝑿  

66 GeV < Mee < 116 Gev 

All boson rapidity and decay electron               

phase space 

 

 

 

 

 

 

 

 

Test of higher order QCD corrections – lowest order predicts no PT in  

𝒁/𝜸∗production 
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Total 𝝈 integrated over all bins (pb) 

𝟐𝟓𝟕. 𝟏 ± 𝟎. 𝟕𝒔𝒕𝒂𝒕 ± 𝟐. 𝟔𝒔𝒚𝒔𝒕 ± 𝟐. 𝟔𝒍𝒖𝒎𝒊 

CDF Note 10699 

 

 

http://www-cdf.fnal.gov/physics/ewk/


DØ produced a (WW+WZ) measurement using Wjj final state events 

Uses a Random Forest MVA to extract the signal 

Assume SM (WW)/(WZ)  when                         

fitting RF output for (WV)  

Then fit (WW) and (WZ)        

simultaneously, allowing both to float 

Cross check with fit to Mjj 
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𝜎 (pb) O𝐛𝐬𝐞𝐫𝐯𝐞𝐝 SM 

WV 𝟏𝟗. 𝟔−𝟑.𝟎
+𝟑.𝟐 

WW 𝟏𝟓. 𝟗−𝟑.𝟐
+𝟑.𝟕 𝟏𝟏. 𝟕 ± 𝟎. 𝟖 

WZ 𝟑. 𝟑−𝟑.𝟑
+𝟒.𝟏 3.5±𝟎. 𝟑 

PRL 108, 181803 (2012) 

http://arxiv.org/abs/1112.0536


Look at leptonic final states: WZ→lll , ZZ→ll  

Looser requirements than previous analyses to maximize yields 
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𝜎 (pb) O𝐛𝐬𝐞𝐫𝐯𝐞𝐝 

WZlll 𝟒. 𝟓𝟎−𝟎.𝟔𝟔
+𝟎.𝟔𝟑 

𝐒𝐌: 𝟑. 𝟐𝟏 ± 𝟎. 𝟏𝟗 

ZZll 𝟏. 𝟔𝟒 ± 𝟎. 𝟒𝟔 
𝐒𝐌: 𝟏. 𝟑 ± 𝟎. 𝟏 

ZZcomb 𝟏. 𝟒𝟒−𝟎.𝟑𝟒
+𝟎.𝟑𝟓 

PRD, accepted 4/8/12                 

arXiv:1201.5652 

 

http://arxiv.org/abs/1201.5652
http://arxiv.org/abs/1201.5652


Prior to February 2012… 

 

 

 

 

 

 

 

 

 

 

 

Higgs most sensitive to W mass for 

equal Higgs mass constraint              

 ∆𝒎𝑾~𝟎. 𝟎𝟎𝟔∆𝒎𝒕  
    

   

SM prediction of the W mass 
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Transverse mass:          𝑚𝑇 = 𝑝𝑇
𝑙 𝐸𝑇 1 − cos ∆∅   

Transverse momentum carries mass information in W→l events.  Examine 

three kinematic distributions 

 

Lepton transverse momentum: 𝑝𝑇
𝑙  

Missing transverse energy: 𝐸𝑇 

Use a parameterized fast MC detector                      

simulation to generate templates to           

compare with data 

Calibrate fast MC with data 

Verify with the Z mass peak 

Binned likelihood fit of data to templates                       

to extract W mass 

Combine result from the different                 

distributions since they are not                     

completely correlated 
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CDF and D0 employ very different methods, in order to capitalize on 

strength of their unique detectors 
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Central tracking provides very good 

lepton momentum measurement 

Muon resolution = 3.2%  (at pT = 45 GeV) 

Use W→e and W→  events 

Detailed tracker model 

Momentum scale calibration focus  

Using 𝑱/𝛙 → 𝝁𝝁, 𝚼 → 𝝁𝝁, 𝒁 → 𝝁𝝁 

 

EM calorimeter provides very good 

electron energy measurement 

Energy resolution = 3.3% (at E = 45 GeV) 

Use W→e  events 

Detailed calorimeter model 

Energy scale calibration focus  

Using 𝒁 → 𝒆𝒆 

CDF DØ 



CDF and DØ employ very different methods, in order to capitalize on 

strength of their unique detectors 
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Central tracking provides very good 

lepton momentum measurement 

Muon resolution = 3.2%  (at pT = 45 GeV) 

Use W→e and W→  events 

Detailed tracker model 

Momentum scale calibration focus  

Using 𝑱/𝛙 → 𝝁𝝁, 𝚼 → 𝝁𝝁, 𝒁 → 𝝁𝝁 

 

EM calorimeter provides very good 

electron energy measurement 

Energy resolution = 3.3% (at E = 45 GeV) 

Use W→e  events 

Detailed calorimeter model 

Energy scale calibration focus  

Using 𝒁 → 𝒆𝒆 

DØ 



CDF and D0 employ very different methods, in order to capitalize on 

strength of their unique detectors 
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Central tracking provides very good 

lepton momentum measurement 

Muon resolution = 3.2%  (at pT = 45 GeV) 

Use W→e and W→  events 

Detailed tracker model 

Momentum scale calibration focus  

Using 𝑱/𝛙 → 𝝁𝝁, 𝚼 → 𝝁𝝁, 𝒁 → 𝝁𝝁 

 

EM calorimeter provides very good 

electron energy measurement 

Energy resolution = 3.3% (at E = 45 GeV) 

Use W→e  events 

Detailed calorimeter model 

Energy scale calibration focus  

Using 𝒁 → 𝒆𝒆 



Systematic uncertainty breakdown in mT measurement 
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Both CDF and D0 results reach 

precision of previous world 

average 

CDF result is most precise W 

mass measurement 

Theory uncertainties now become 

limitation 

Reduce PDF uncertainty – include 

forward electrons, use W charge 

asymmetry 

Full Tevatron data set can bring 

down uncertainty to 10 MeV! 
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CDF: PRL 108, 151803 (2012) 

 DØ: PRL 108, 151804 (2012) 

 Tevatron Combination Note 

http://prl.aps.org/abstract/PRL/v108/i15/e151803
http://prl.aps.org/abstract/PRL/v108/i15/e151803
http://prl.aps.org/abstract/PRL/v108/i15/e151803
http://prl.aps.org/abstract/PRL/v108/i15/e151804
http://prl.aps.org/abstract/PRL/v108/i15/e151804
http://prl.aps.org/abstract/PRL/v108/i15/e151804
http://arxiv.org/abs/1204.0042


Both CDF and D0 results reach 

precision of previous world 

average 

CDF result is most precise W 

mass measurement 

Theory uncertainties now become 

limitation 

Reduce PDF uncertainty – include 

forward electrons, use W charge 

asymmetry 

Full Tevatron data set can bring 

down uncertainty to 10 MeV! 

 

New indirect Higgs measurement 

still consistent with SM Higgs 

region  allowed by direct searches 
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CDF QCD: http://www-cdf.fnal.gov/physics/new/qcd/QCD.html  

W+c: CDF Note 10089 

DØ QCD: http://www-d0.fnal.gov/Run2Physics/qcd/  

Inclusive jets: PRD 85, 052006 (2012) 

Inclusive W+jet (pT
jet): PLB 705, 200 (2011) 

CDF EW: http://www-cdf.fnal.gov/physics/ewk/  

ZZ resonance: PRD 85, 012008 (2012) 

WZ: arXiv:1202.6629  

DØ EW: http://www-d0.fnal.gov/Run2Physics/wz/  

WW/WZ: PRL 108, 181803 (2012) 

Z: PRD 85, 052001 (2012) 

W: PRL 107, 241803 (2011) 
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http://www-cdf.fnal.gov/physics/new/qcd/QCD.html
http://www-cdf.fnal.gov/physics/new/qcd/QCD.html
http://www-cdf.fnal.gov/physics/new/qcd/QCD.html
http://www-cdf.fnal.gov/physics/new/qcd/QCD.html
http://www-cdf.fnal.gov/physics/new/qcd/wcharm2011/WcPublic.pdf
http://www-d0.fnal.gov/Run2Physics/qcd/
http://www-d0.fnal.gov/Run2Physics/qcd/
http://www-d0.fnal.gov/Run2Physics/qcd/
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Full impact of QCD and Electroweak measurements using 

the full Tevatron data set are starting to be seen 

Extraction of fundamental parameters, e.g. 𝛼𝑆 

Evaluating the best theoretical calculation models and improving PDFs 

Providing well-measured backgrounds crucial for new physics searches 

 

Many more full data set measurements still to come 

 

Precision QCD and Electroweak results will be a very big 

part of the Tevatron legacy! 
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Renormalization Group Equation 
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Indirect measurement from precision 

EW data (Tevatron, LEP, SLD)  

𝒎𝑯 = 𝟗𝟐−𝟎.𝟐𝟔
+𝟎.𝟑𝟒 𝑮𝒆𝑽 
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𝒎𝑯 = 𝟗𝟒−𝟐𝟒
+𝟐𝟗 𝑮𝒆𝑽 

 
𝒎𝑯 < 𝟏𝟓𝟐 𝑮𝒆𝑽 𝟗𝟓% 𝑪𝑳  

 


