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Energy Correlation Functions

IRC safe observables and excellent discriminators for light quarks and
gluon initiated jets. (Moult, Necib, Thaler (2016))

Uα
1 =

∑
i ,j

zizjθ
α
ij

Uα
2 =

∑
i ,j,k

zizjzkmin(θij , θjk , θik)α (1)

Jets groomed with soft drop algorithm which gets rid of wide angle
soft radiation.

min(zi , zj) > zcutθ
β
ij (2)

Last time we discussed comparison of different U’s for light and heavy
quark jet discrimination using MC simulations. We find the best
discriminator to be groomed U1.
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U1 for Ungroomed Jets

U1

Page 1

gluon_ungroomed gluon_groomed u_ungroomed
1.00E-02 2.10E+02 6.5035614741 5.00E+00 0.1673920321 2.86E+02 7.338978702
3.00E-02 2.60E+01 0.8052028492 8.00E+00 0.2678272514 1.70E+01 0.436233
5.00E-02 1.60E+01 0.4955094456 8.00E+00 0.2678272514 2.00E+01 0.513215294
7.00E-02 1.40E+01 0.4335707649 1.00E+01 0.3347840643 1.30E+01 0.333589941
9.00E-02 5.00E+00 0.1548467018 1.40E+01 0.46869769 2.40E+01 0.615858353
1.10E-01 3.00E+00 0.0929080211 2.10E+01 0.703046535 5.00E+01 1.283038235
1.30E-01 7.00E+00 0.2167853825 4.10E+01 1.3726146635 1.13E+02 2.89966641
1.50E-01 1.80E+01 0.5574481264 1.17E+02 3.9169735521 2.78E+02 7.133692584
1.70E-01 3.30E+01 1.0219882317 2.22E+02 7.432206227 5.23E+02 13.42057993
1.90E-01 9.50E+01 2.9420873335 2.50E+02 8.369601607 5.87E+02 15.06286887
2.10E-01 2.27E+02 7.0300402601 2.92E+02 9.7756946769 5.25E+02 13.47190146
2.30E-01 4.00E+02 12.3877361412 3.46E+02 11.583528624 4.16E+02 10.67487811
2.50E-01 4.79E+02 14.8343140291 3.73E+02 12.487445598 3.53E+02 9.058249936
2.70E-01 5.58E+02 17.280891917 3.58E+02 11.985269501 2.37E+02 6.081601232
2.90E-01 3.99E+02 12.3567668009 3.32E+02 11.114830934 1.86E+02 4.772902232
3.10E-01 3.46E+02 10.7153917622 2.54E+02 8.5035152327 1.33E+02 3.412881704
3.30E-01 2.22E+02 6.8751935584 1.86E+02 6.2269835956 8.70E+01 2.232486528
3.50E-01 1.30E+02 4.0260142459 1.14E+02 3.8165383328 3.90E+01 1.000769823
3.70E-01 3.70E+01 1.1458655931 3.20E+01 1.0713090057 9.00E+00 0.230946882
3.90E-01 4.00E+00 0.1238773614 4.00E+00 0.1339136257 1.00E+00 0.025660765

3.23E+03 2.99E+03 3.90E+03
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U1 for Groomed Jets

U1

Page 2

u_ungroomed u_groomed b_ungroomed b_groomed
3.00E+00 0.083963056 2.65E+02 7.580091533 7.00E+00 0.218408736
1.60E+01 0.447802967 2.40E+01 0.686498856 5.00E+00 0.15600624
3.20E+01 0.895605933 1.20E+01 0.343249428 6.00E+00 0.187207488
7.30E+01 2.043101036 1.00E+01 0.28604119 1.00E+01 0.31201248
1.43E+02 4.002239015 4.00E+00 0.114416476 1.80E+01 0.561622465
2.52E+02 7.052896725 7.00E+00 0.200228833 4.90E+01 1.528861154
4.54E+02 12.70640918 1.90E+01 0.543478261 1.24E+02 3.868954758
4.75E+02 13.29415057 5.50E+01 1.573226545 3.71E+02 11.57566303
3.86E+02 10.80324657 2.43E+02 6.950800915 6.87E+02 21.43525741
3.46E+02 9.683739155 5.79E+02 16.5617849 4.87E+02 15.1950078
3.00E+02 8.396305626 6.20E+02 17.73455378 2.73E+02 8.517940718
2.68E+02 7.500699692 4.87E+02 13.93020595 2.59E+02 8.081123245
2.38E+02 6.66106913 3.73E+02 10.66933638 2.54E+02 7.925117005
1.89E+02 5.289672544 2.95E+02 8.438215103 2.22E+02 6.926677067
1.63E+02 4.561992723 1.91E+02 5.463386728 1.56E+02 4.867394696
1.25E+02 3.498460677 1.62E+02 4.633867277 1.42E+02 4.430577223
6.60E+01 1.847187238 9.50E+01 2.717391304 8.40E+01 2.620904836
3.40E+01 0.951581304 3.90E+01 1.115560641 3.60E+01 1.12324493
9.00E+00 0.251889169 1.30E+01 0.371853547 1.20E+01 0.374414977
1.00E+00 0.027987685 3.00E+00 0.085812357 3.00E+00 0.093603744
3.57E+03 3.50E+03 3.21E+03
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ROC curves for U1 vs U2

ROC

Page 4

U1 u_ungroomed
1.00E-02 2.86E+02 7.338978702 7.34E+00 92.6610213 92.6610213 3.00E+00
3.00E-02 1.70E+01 0.436233 7.78E+00 92.2247883 92.19912753 1.60E+01
5.00E-02 2.00E+01 0.513215294 8.29E+00 91.711573 91.45496536 3.20E+01
7.00E-02 1.30E+01 0.333589941 8.62E+00 91.37798306 90.12060559 7.30E+01
9.00E-02 2.40E+01 0.615858353 9.24E+00 90.76212471 87.27226071 1.43E+02
1.10E-01 5.00E+01 1.283038235 1.05E+01 89.47908648 82.57634077 2.52E+02
1.30E-01 1.13E+02 2.89966641 1.34E+01 86.57942007 74.90377213 4.54E+02
1.50E-01 2.78E+02 7.133692584 2.06E+01 79.44572748 61.68847832 4.75E+02
1.70E-01 5.23E+02 13.42057993 3.40E+01 66.02514755 39.20964845 3.86E+02
1.90E-01 5.87E+02 15.06286887 4.90E+01 50.96227868 13.47190146 3.46E+02
2.10E-01 5.25E+02 13.47190146 6.25E+01 37.49037721 3.00E+02
2.30E-01 4.16E+02 10.67487811 7.32E+01 26.8154991 2.68E+02
2.50E-01 3.53E+02 9.058249936 8.22E+01 17.75724917 2.38E+02
2.70E-01 2.37E+02 6.081601232 8.83E+01 11.67564793 1.89E+02
2.90E-01 1.86E+02 4.772902232 9.31E+01 6.902745702 1.63E+02
3.10E-01 1.33E+02 3.412881704 9.65E+01 3.489863998 1.25E+02
3.30E-01 8.70E+01 2.232486528 9.87E+01 1.25737747 6.60E+01
3.50E-01 3.90E+01 1.000769823 9.97E+01 0.256607647 3.40E+01
3.70E-01 9.00E+00 0.230946882 1.00E+02 0.025660765 9.00E+00
3.90E-01 1.00E+00 0.025660765 1.00E+02 0 1.00E+00
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ROC curves for U1 vs U2

ROC

Page 5

u_groomed
0.083963056 0.083963056 99.91603694 99.91603694 2.65E+02 7.580091533 7.580091533
0.447802967 0.531766023 99.46823398 99.44024629 2.40E+01 0.686498856 8.266590389
0.895605933 1.427371956 98.57262804 98.29275119 1.20E+01 0.343249428 8.609839817
2.043101036 3.470472992 96.52952701 95.29806885 1.00E+01 0.28604119 8.895881007
4.002239015 7.472712007 92.52728799 89.4486426 4.00E+00 0.114416476 9.010297483
7.052896725 14.52560873 85.47439127 78.89728519 7.00E+00 0.200228833 9.210526316
12.70640918 27.23201791 72.76798209 61.62888329 1.90E+01 0.543478261 9.754004577
13.29415057 40.52616849 59.47383151 43.04506017 5.50E+01 1.573226545 11.32723112
10.80324657 51.32941506 48.67058494 25.58074447 2.43E+02 6.950800915 18.27803204
9.683739155 61.01315421 38.98684579 8.396305626 5.79E+02 16.5617849 34.83981693
8.396305626 69.40945984 30.59054016 6.20E+02 17.73455378 52.57437071
7.500699692 76.91015953 23.08984047 4.87E+02 13.93020595 66.50457666
6.66106913 83.57122866 16.42877134 3.73E+02 10.66933638 77.17391304

5.289672544 88.8609012 11.1390988 2.95E+02 8.438215103 85.61212815
4.561992723 93.42289393 6.577106073 1.91E+02 5.463386728 91.07551487
3.498460677 96.9213546 3.078645396 1.62E+02 4.633867277 95.70938215
1.847187238 98.76854184 1.231458158 9.50E+01 2.717391304 98.42677346
0.951581304 99.72012315 0.279876854 3.90E+01 1.115560641 99.5423341
0.251889169 99.97201231 0.027987685 1.30E+01 0.371853547 99.91418764
0.027987685 100 0 3.00E+00 0.085812357 100
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ROC curves for U1 vs U2 at zcut = 0.2

ROC

Page 2

b_G U2 u_UG u_G
0.16 0.16 99.84 99.84 0.003 361 9.26 9.26 90.74 90.74 410 11.98 11.98 88 88 330 9.43
0.16 0.32 99.68 99.56 0.009 50 1.28 10.5 89.45 89.45 310 9.062 21.05 79 79 6 0.17
0.57 0.89 99.11 98.67 0.015 85 2.18 12.7 87.27 87.27 376 10.99 32.04 68 68 13 0.37
0.89 1.77 98.23 96.7 0.021 205 5.26 18 82 82 405 11.84 43.88 56.12 56.1 37 1.06
1.96 3.74 96.26 92.43 0.027 307 7.88 25.9 74.13 74.06 347 10.14 54.02 46 45.9 89 2.54

4.5 8.24 91.76 84.35 0.033 497 13 38.6 61.38 60.92 288 8.419 62.44 37.56 37.3 212 6.06
8.62 16.9 83.14 71.42 0.039 493 13 51.3 48.73 47.27 253 7.395 69.83 30.17 29.1 406 11.6
16.9 33.8 66.22 50 0.045 488 13 63.8 36.21 32.87 202 5.905 75.74 24.26 21.9 533 15.2
22.8 56.6 43.38 22.05 0.051 428 11 74.8 25.22 18.91 194 5.671 81.41 18.59 13.6 568 16.2
11.9 68.6 31.43 5.26 0.057 317 8.13 82.9 17.09 6.364 182 5.32 86.73 13.27 4.97 444 12.7
5.26 73.8 26.17 0.063 248 6.36 89.3 10.73 170 4.969 91.7 8.302 343 9.81
4.85 78.7 21.32 0.069 172 4.41 93.7 6.313 114 3.332 95.03 4.969 220 6.29
5.07 83.7 16.25 0.075 116 3 96.7 3.336 89 2.602 97.63 2.368 157 4.49
4.53 88.3 11.72 0.081 73 1.87 98.5 1.463 46 1.345 98.98 1.023 85 2.43
4.31 92.6 7.414 0.087 39 1 99.5 0.462 27 0.789 99.77 0.234 27 0.77
3.58 96.2 3.834 0.093 15 0.38 99.9 0.077 5 0.146 99.91 0.088 17 0.49
2.31 98.5 1.521 0.099 3 0.08 100 0 3 0.088 100 0 7 0.2
1.08 99.6 0.444 0.105 0 0 100 0 0 0 100 0 3 0.09
0.32 99.9 0.127 0.111 0 0 100 0 0 0 100 0 1 0.03
0.13 100 0 0.117 0 0 100 0 0 0 100 0 0 0
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ROC curves for low pT jets

ROC

Page 3

u_UG
1.25E-02 1.81E+03 23.56919875 23.56919875 76.43080125 76.43080125 7.00E+00
3.75E-02 2.34E+02 3.043704475 26.61290323 73.38709677 73.38709677 3.90E+01
6.25E-02 1.14E+02 1.482830385 28.09573361 71.90426639 71.90426639 7.30E+01
8.75E-02 8.20E+01 1.066597294 29.16233091 70.83766909 70.83766909 2.13E+02
1.13E-01 5.40E+01 0.70239334 29.86472425 70.13527575 70.13527575 3.13E+02
1.38E-01 7.90E+01 1.027575442 30.89229969 69.10770031 68.71748179 4.53E+02
1.63E-01 1.56E+02 2.029136316 32.921436 67.078564 64.19094693 6.24E+02
1.88E-01 3.40E+02 4.422476587 37.34391259 62.65608741 54.31841831 7.64E+02
2.13E-01 6.40E+02 8.324661811 45.6685744 54.3314256 36.71956296 6.52E+02
2.38E-01 9.77E+02 12.70811655 58.37669095 41.62330905 12.77315297 5.38E+02
2.63E-01 9.82E+02 12.77315297 71.14984391 28.85015609 4.55E+02
2.88E-01 8.64E+02 11.23829344 82.38813736 17.61186264 4.11E+02
3.13E-01 7.13E+02 9.274193548 91.66233091 8.337669095 3.33E+02
3.38E-01 4.19E+02 5.450052029 97.11238293 2.887617066 2.44E+02
3.63E-01 1.92E+02 2.497398543 99.60978148 0.390218522 1.16E+02
3.88E-01 3.00E+01 0.390218522 100 0 2.20E+01
4.13E-01 0.00E+00 0 100 0 0.00E+00
4.38E-01 0.00E+00 0 100 0 0.00E+00
4.63E-01 0.00E+00 0 100 0 0.00E+00
4.88E-01 0.00E+00 0 100 0 0.00E+00
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ROC curves for low pT jets

ROC

Page 4

u_G
0.133155792 0.133155792 99.86684421 99.86684421 1.92E+03 24.96103896 24.96103896
0.741867986 0.875023778 99.12497622 99.12497622 2.24E+02 2.909090909 27.87012987
1.388624691 2.263648469 97.73635153 97.73635153 1.12E+02 1.454545455 29.32467532
4.051740536 6.315389005 93.68461099 93.68461099 8.80E+01 1.142857143 30.46753247
5.95396614 12.26935515 87.73064485 87.73064485 3.90E+01 0.506493506 30.97402597

8.617081986 20.88643713 79.11356287 78.69507324 3.70E+01 0.480519481 31.45454545
11.86988777 32.7563249 67.2436751 64.61860377 3.60E+01 0.467532468 31.92207792
14.53300361 47.28932851 52.71067149 45.44416968 6.80E+01 0.883116883 32.80519481
12.40251094 59.69183945 40.30816055 26.70724748 2.01E+02 2.61038961 35.41558442
10.23397375 69.9258132 30.0741868 8.655126498 5.48E+02 7.116883117 42.53246753
8.655126498 78.5809397 21.4190603 1.17E+03 15.12987013 57.66233766
7.818147232 86.39908693 13.60091307 1.41E+03 18.24675325 75.90909091
6.334411261 92.73349819 7.266501807 9.94E+02 12.90909091 88.81818182
4.641430474 97.37492867 2.625071333 5.74E+02 7.454545455 96.27272727
2.206581701 99.58151037 0.418489633 2.38E+02 3.090909091 99.36363636
0.418489633 100 0 4.90E+01 0.636363636 100
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Analytic Calculations

So far we have completed calculations in full QCD for groomed U1 in
e+e− → bbg .

xi = Ei
Ecm

is the ratio of energy of particles in CM frame. Ecm = 1 TeV
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Analytic Calculations

Ecm = 50 GeV
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Analytic Calculations

The difference between heavy and light jets shows up as a log of mass
of the heavy quark.
Light quark jets in Laplace space for Uα

1 → ν, (Frye, Larkoski,
Schwartz, Yan (2016))

2
α

(3
2 + ln(zcut)

)
ln(ν) (3)

while for b-jets
2
α

(3
2 + ln(zcut)

)
ln(m2

bν/s) (4)
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SCET Factorization

Modes identified in SCET factorization are soft, collinear and
collinear-soft. Hierarchy of modes depends on value of α.

ps ∼ zcutQ(1, 1, 1)

pc ∼ Q
(

1, (Uα
1 )2/α, (Uα

1 )1/α
)

pcs ∼ zcutQ
(

1,
( Uα

1
zcut

)2/α
,

( Uα
1

zcut

)1/α)
(5)

Leading Log resummation in SCET and results for pp → Zb.(in
progress)
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