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 What is MadGraph5_aMC@NLO

e Loop-Induced processes
= PS integration (gg > h)
= |.O re-weighting (gg>zh)
= NLO re-weighting ( g g > h h)
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Process Syntax Cross section (pb)

Vector-boson pair +jets LO 13 TeV NLO 13 TeV

bl  ppoWH W~ (4f) pp > w+ w- 7.355+0.005 - 101 +5.0% +2.0% 1.028 +0.003 - 102 +4.0% +1.9%
b2  pp—oZZ pPp>zz 1.097 +£0.002 - 10' +35% +19% 1415+ 0.005 - 10! +3-1% +1.8%
b3  pprZW* PP >z vpn 2.777+0.003 - 101 +36% +20%  4487+0.013 - 100 4% +17%
ba  ppoyy pp>aa 2510£0.002 - 10" 258 *71%  6.593+0.021 10" HECR o
b5  pp—vZ pp>az 2.523+0.004 - 101 F9P% 2% 3605+ 0.013 100 3% 14
b6  pp—ryW* PP>awpm 2.954+0.005 - 10"  *9P% 208 7.12440.026 - 100 FIE +10%
b7  ppoWITWTj(4f) pp > wt u- j 2.865+0.003 - 10" TI-6® TIO®  3.730+£0.013 - 100 Tios Toa%
b8  pp—ZZj PP>2z2] 3.662+0.003 - 100 +30.5% +10%  4.830+£0.016 - 100 +5.9% +1-1%
b9 pporZWEj PP>zwpnj  1605£0.005-100 1i50E *0T%  2.086+0.007 10" i H0T%
b10  pp—yyi pp>aaj 1.0224+0.001 - 10" +20-3% +12% 9992+ 0.010 - 10! *17-2% +1.0%
b.11*  pp—vZj PP>az] 8.3104+0.017 - 10° *]3-5% +1.0%  1.220 4+ 0.005 - 101 *7-3% +0.9%
b.12*  ppryWHj PPp>avpn j 2.546+0.010 - 101 *+}37% +09%  3713+0.015 - 100 FT-Z% +0-9%
b13  pp>WTWTjj Pp>whwrjj 148440006 1071 F3-3% +21%  29514+0.011 1071 F0-5% +2.2%
bld pp—oW-Wjj PP>vw-w-jj 6752400071072 FRIE RIS 1.003+0.003 -1071 Fi0% F235
b5 pp>WIWjj (4f) pp > wtw-j j 11444000210 FIER FOIE 1.396£0.005 - 100 FEER FOUN
b.16  pp— ZZjj PP>z2zj ] 1.344 £ 0.002 - 100 *25.6% +07%  1.706 +£0.011 - 10° *38% +0.8%
b.17  pp— ZW*jj pp>zuwpnj j 8.038+0.009 100 *257% +07%  9139+0.031.10° 3% +0-7%
b.18  pp—ryvij pp>aaijj 5.377+0.029 - 10° +25.2% +0.6% 7501 +0.032 - 100 *88% +0.6%
b.19*  pp—rvZjj pp>azjj 3.260 4 0.009 - 10° *243% +0.6% 42424 0.016 - 107 *55% +0.6%
b.20°  pp—yW*jj pp>awvpmjj 1233000210 *207% +06% 448+ 0.005 - 100 *+36% +0.5%
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Process Syntax Cross section (pb)
Three vector bosons +jet LO 13 TeV NLO 13 TeV

cl  ppo>WHW-W* (4f) pp>w+w-wpm  1.307£0.003 -10°1 F09% +20%  2709+0.006 -10-1 *31% +1.6%
c2  pprZWHTW- (4f) PPp>zwtu- 9.658 +0.065 - 1072 F9-8% +21%  1,679+0.005 - 1071 3% +1.6%
c3  pprZIWH* PP>2zz wpn 2.996 +0.016 - 10-2 9% +20% 5550+ 0.020 - 10-2  F§8% +1.5%
cA  ppoZZZ pp>zzz 1.085+0.002 - 102 *00% +19%  1417.4£0.005 -10-2 *27% +19%
¢5  pp—yWHW~ (4f)  pp > a wt w- 1.427£0.011 - 1071 *#19% +20% 9581 +0.008 - 1071 F54% F14%
c6  ppoyIW= PP>aawpn 2.68140.007 -10~3 ¥&4» +19%  895140.032.10~2 F7.9® +10R
T ppoyZWE pp>azupn 4.994:+0011 -107 058 100 111740004 1071 3% 000
c8  pp—vZZ pp>azz 2.320 +0.005 - 102 +29% +19% 3118 +0.012 -10-2 F28% +1.8%
c9  pporZ pp>aaz 3.078£0.007 - 1072 F3E% F19%  4.634+£0.020 -10°2 0% T8
c10  pp—yyy pp>aaa 1.269 +0.003 - 10-2 *98% +29%  3441+0.012 1072 *]}-8% +14%
el pp>WHW-W4j (i) pp>wtw-wpnj 91670010102 +50% 410% 119740004 101 +32% 410%
12 pp—oZWHW=j (4f)  pp > z wut w- j 8.340+0.010 - 10-2 *156% +10% 1,066 +0.003 - 10-! Fi5% +1.0%
c.13* pp—ZZW=j Pp>zzvpn j 2.81040.004 - 10-2 F]51% +10% 3,660+ 0.013 - 1072 F18% +I0%
c.14* pp—ZZZj PP>22Z2Z] 4.823:40.011 -1073 H13% +10F  6.341+£0.025 - 1073 9% 1%
15" pp—yWFTW=j(4) pp>a wtu-j 1.182+0.004 - 1071 +13-3% T05%  1.233+£0.004 -10° +155¢ F100

cl6  pp—yYW=j PP>aawpn j 4.10740.015 - 1072 F18% +06% 5807 +0.023 - 1072 F38% +0.T%
c17* ppyZWEj pp>azwvpn j 5.833+0.023 - 10~2 +134% +0.7% 7764 £0.025 - 1072 F5-1% +0.8%
c18* pp—vZZj pp>azzj 9.995 +0.013 - 10-3 +128% +1.2% 1 371 +0.005 - 10-2 *+3.6% +1.2%
¢19*  pp—yyZj PP>aazj 1.372+£0.003 - 1072 *+}0.9% +1.0% 2051 +0.011 -10~2 +7.9% +1.0%
¢.20°  pp—yYYi pp>aaaj 1.031 £0.006 - 10-2  *+123% +0-9% 2020+ 0.008 -10-2 +28% +08%
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Process Cross section (pb)
Four vector bosons LO 13 TeV NLO 13 TeV

c21* ppo>WHW-WHW~ (4f) p p > w+ w- wt w- 57210014 -10* F37T% +23% 99594 0,035 .10~ FT-4% +1.7
c22* ppo>WtW -W*Z (4f) pp> wtw-wpmz 6.391+£0076-10~% 4% +24% 9188+ 0.004 . 10°3 +B4% +1.7%
c23* ppo>WHtW Wy (4f) pp>wtw-wpma 81150064 1071 +25% +22% 1546+ 0.005 -10°3 FI-3% +1-5%
c24* ppWHW~-ZZ (4f) pPpP>wtw-zz 4.320+£0.013 - 10~1 IR 2% 710740020 - 1074 0% LA
c.25* pp—WHW~Zy (4f) pp>wtw-za  8403+£0.016-101 0% *23%  148340.004 .10~ *7-2% +1.0%
¢.26*  pp— WHW =y (4f) pp>wtw-aa 5198 +£0.012 - 10~* *08% +21% 9381+ 0.032 .10~1 7% +14%
27" pp—-W=*ZZZ PP>VWmZZZ 5.86240.010 - 1075 375 13E% 1,240+ 0.004 - 1074 FROE 17O
c.28° pp—W*ZZy pp>vwpmzza 1.148 £ 0.003 - 10~¢ *3.5% +2.2% 29454 0.008 - 10~¢ +10.8% +1.8%
c.29° pp—o>W*Zyy PP>wpmzaa 1.054 £ 0.004 - 10~% F17% 208 3.03340.010 - 1074 +A00% +1.4%
c.30°  pp— WEyyy pp>vwpmaaa 3.600 £0.013 - 107° TO.4% +2.0% 1 946+ 0.005 - 1074 8% +0.9%
c.31* pp—ZZZZ pp>zzzz 1.989 £0.002 - 10°5 +38% +2.2% 9629+ 0.008 - 105 +3-5% +2.2%
c.32° pp—ZZZ~y pp>zzza 3.945£0.007 - 105 *19% 421% 59941 0.016 .10°5 13.3% +2.1%
c.33* pp—ZZyy pp>zzaa 5.513+0.017 - 105 *0-0% +2.1%  75184+0.032 -10°5 +34% +2.0%
c.34*  pp— Zyyy pp>zaaa 4790 £0.012 - 1075 *23% +20% 7103+ 0.026 - 1075 35 +1.6%
c.35* pp—YYYY pp>aaaa 1.594 +£0.004 - 10-5 +17% +1-9% 3380+ 0.012 .10 H70% +1.5%
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Process Syntax Cross section (pb)

Heavy quarks and jets LO 13 TeV NLO 13 TeV
d1  pp—jj PP>Jj 1.162 4 0.001 - 105 +24.9% +08% 1 580 +0.007 - 106 F5a% +0-7%
d.2  pp—jjj PP>3 ] ] 8.940 +£0.021 - 10* F338% +12% 7791 4+0.087 -10* FZ1% L%

h +25.2% +1.5% +15.9% +1.5%
.3 pp—bb (4f) Pp>b b~ 3.743+0.004 - 10° +202% +L5%  64384+0.028 - 103 F15:9% +1.5%
d.4* pp—bbj (4f) Pp>b b~ 1.050 +0.002 - 108 F33-1% +16%  1327+£0.007 -10% FS% 1%
d.5* pp—bbjj (4f) PP>bb~jj 18520006107 F55ER *5U% 24710012 -10% I 500
d.6  pp—> bbbb (4f) PPpP>bb~bb~y 505040007 -1070 FSLTH A29% 8736+ 0.034 - 1071 F209% +2.9%

n 2 +29.0% +1.8% 2 +9.8% +1.8%
A7 pp—tt PpP>t t~ 4.584 +£0.003 - 102 F29.0% +18% 6741 +£0.023 - 102 F95% +1.8%
d.8  pp—iij PPp>t it~ 3.135+0.002 - 102 T331% +22% 4106 +£0.015 - 102 8% 2%
d.9  pp—rttjj PP >tt~j ] 1.361 £0.001 - 102 +514% +2.6% 1795 +£0.006 - 102 *93% +2.4%
d.10 pp—titt PP>tt~t t~  4.505+£0.005-1073 FE38% +54% 9901 +0.028 -1073 F308% +5.5%
d.11  pp—>tibb (4f) PP>tt~bb~ 611940004 -100 FE2I% +29% 9 4594 0.005 - 10! F3T6% +2.9%
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Process Syntax Cross section (pb)
Heavy quarks+vector bosons LO 13 TeV NLO 13 TeV
el  pp—W*bb (4f) pp>uwpnb b~ 3.074+0.002 -10% F323% +20%  8162+£0.034 -102 +23.8% +1.5%
e2  pp—>Zbb (4f) Pp>zb b~ 6.993 +0.003 - 102 +33°% +1.0%  1.235+0.004 - 103 F13-9% +1.0%
e3  pp—>ybb (4f) Pp>ab b~ 1.731£0.001 -10% F5L9% +16%  41714£0.015 - 103 F3TH +14%
e.d* pp—)W*-bI-) 7 (4f) pp>wpmbb~j  1.86140.003 - 102 i;';’?& “_‘3;?3’; 3.957 +0.013 - 10? 31’1832 tg:g;{i
e5"  pp—Zbbj (4f) PP >2zbb~ j 1.604 £ 0.001 - 102 F324% +09% 2805+ 0.009 - 102 +21.9% +0.8%
e6*  pp—bbj (4f) PP>abb~j 781240017 -10° 70 FIEE  1.2334£0.004 -10° FI000 FIEE
e7  pprttW* PpP>tt~upm 377740003 -1071 FRO% 2% 566240021 -1070 FI2% 0%
e8  ppottZ PP>tit~z 5.273 +0.004 - 10~ tgq;g;gg t;;‘.;f; 7.598 + 0.026 - 10~ t‘;g{"% t;;;,;;

s 0 +29.6% +1.6% 0 +9.8 +1.7%

e9  pp—rtiy PP >t t~ 1.204 £ 0.001 - 100 *+296% +1.6% 3 744 4 0.005 - 100 F98% +1.7%

* ry - : - +40.9% +1.3% - +11.2% +1.2%
e10" pprtiW* PP>tt~uwpmj 235240.002 1071 FI09% +18%  340440.011 1071 F11-2% +1.2%
ell* pp—tiZj PP>ttezj 3.953+0.004 - 1071 FA62% +27% 5074 +0.016 - 1071 0% +2.5%
e.12*  pp—tivj pPp>tt~aj 8.726 +£0.010 - 10~1 F354% +23% 11354+ 0.004 - 100 FT5% +2.2%
el3* pp—ttW-W* (4f)  pp >t t~ whw-  6.675+£0.006-1072 F30-9% +21% 9904 +0.026 - 1073 F99% +21%
e.ld* ppttW*Z PP>tt~wpmz 2404400021073 F266% +25% 359540010 1073 F106% +2.3%
e.l5* pp—tt Wy PP>t t~wpma 2.71840.003 - 1073 tzg;‘é% tg;gg; 3.927 +0.013 - 1073 t{gé;g ﬁ?;gzg

* T -3  +29. +1.7% -3 +7.9% +1.7%
€16 pp—tiZZ PP >tt~zz 1.349 +0.014 - 10 TR YL 1.840 + 0.007 - 10 * oo T
e17* pp—tiZy PPp>tt~za 2.548 + 0.003 .10—3 e Iifé 3.656 + 0.012 .10-3 ;;ié§%+-114:.‘;":
e.18" pp—tiyy Pp>tt~aa 3.272+0.006 - 103 F284% +1.3% 4402 +0.015 - 103 FT8% +14%
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Process Syntax Cross section (pb)
Single-top LO 13 TeV NLO 13 TeV
f.1  pp—tj (t-channel) PP>ttj $8 wt w- 1.520 £ 0.001 - 102 f?fg‘% fgi& 1.563 £ 0.005 - 107 f:g‘c tg:gg
£2  pp—»tyj (t-channel) pp>ttajsswru- 9.956 +0.014 - 1071 e HOE  1.01740.003 -10° 158 1058
f3 pp—tZj (t-channel) PP>ttzj$$ whw- 6.967 +0.007 - 10~ *33% +99% 6,993 4+ 0.021 - 1071 6% +0.0%
£4 pp—>tbj (t-channel, 4f) p p > tt bb j $8 wh u- 1003 £0.000 - 102 +138% +0.4% 1 3794 003 102 +5.8% +04%
f5* pp-—>tbjy (t-channel, 4f) p p > tt bb j a $$ w+ w- 6.293 4+ 0.006 - 10~ F158% +08% 6124 0.025 - 1071 *+5-2% +0.8%
[.6* pp—thjZ (t-channel, 4f) p p > tt bb j z $$ w+ w- 3.934£0.002 -10" FI8TH +10% 5657 +0.014 - 107" T T TO.9%
7 pp—th (s-channel, 4f)  pp>we>tb~, pp>w->ta b 7.489 £0.007 -10° *35% +19% 10014 0.004 - 10" F37% +1.9%
f.8° pp—>tby (s-channel, 4f) pp>wr>tbeva, pp>u->t~ba 149020001 -102 F12% +1L9% 195940007 1072 F28% +17%
£9° pp—tbZ (schannel, 4f) pp>w+>tbvz, pp>w->tubz 107240001 -1072 *13% +20% 1539400051072 F39% +1-9%
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Process Syntax Cross section (pb)
Single Higgs production LO 13 TeV NLO 13 TeV
gl  pp— H (HEFT) pp>h 1.593 +£0.003 - 10! *+348% +1.2% 3961+ 0.010 - 10' +29.2% +1.1%
g2  pp— Hj (HEFT) pPp>hj 8.367+0.003 -10° F39-4% +12% 14224 0.006 - 10' F185% +1.1%
g3  pp—> Hjj (HEFT) PP>hjj 3.020+0.002 -10° *390% 0% 5.12440.020 - 107 F207E +13%
g4  pp—Hjj (VBF) Pp>hjj$$wtw-z  198740.002-10° *}7% L% 19004 0.006 -100 *O5% +2.0%
g5  pp— Hjjj (VBF) PP>hjjj$$wtw-z 282440005 1070 FI5TE 1L 308540010 -1070 F2O% L8
-~ - 3.5% +1.9% +2.1% +1.9%
g6  pporHW pp>hupnm 1.195+0.002 - 10° T20 T8 1.41940.005 - 100 TRl TIUe
g7  pporHW*j pPp>hwpn j 4.018£0.003 -10°1 FIOT% 1% 4842+ 0.017 . 1071 F36% +1.2%
g8  pprHW*jj pp>hupmj j 1.198 £ 0.016 - 10-1  +261% +0.8% 1 574+0.014 . 10-1 +3.0% +0.9%
g9 pporHZ pp>hz 6.468 % 0.008 -10-: E}’;E?%%fj?? 7.674+0.027 -10-: Eg;‘g’z,g ;i;é’z
g10 pprHZj pPp>hzj 2.225+0.001 - 101 +10.8% +1.1% 9 667+ 0.010 - 10-1 +3.5% 411
gl1* pp—HZjj Pp>hzjj 7.262+0.012 -10-2 *302% +0T%  8.753+0.037 -1072 LR 0T
g12* pp—>HW*W= (4f)  pp > h wt w- 8.3250.139 - 1073 O0% +20% ) 0654 0,003 - 10-2 +25% +20%
g13* pp— HW*y pp>huwpma 2.518+0.006 - 10~ *97% *19% 3309+ 0.011 -10°% FI% T1TE
g14* pp— HZW* pp>hzupm 3.763 +0.007 - 103 t(});%g f?%% 5.292 4 0.015 - 103 t;‘l;;% %332
. -3  +0.1% +1. -3  +1.9% +2.
g15" p—HZZ PP>hzz 2.093 +0.003 - 10 —0.6% —1.5%  2-038+0.007 - 10 —1.4% —1.5%
g.16  pp— Hiti PP>ht t~ 3.579+0.003 -10~1 *300% +17% 4,608 +0.016 - 10~ *5T% +2.0%
g17  pp— Hij pp>httj 499440005 -10°2 +24% +12% G484 0022 . 1072 +29% +15%
g18  pp— Hbb (4f) pp>hbb~ 4.983+0.002 - 1071 FBLE +LI% 60054 0,026 - 1071 FTI% T16%
Fas : - 45.6% +2.6% — 3.5% +2.5%
g19  pp— Hitj PP>ht t~ j 2.674 +0.041 - 1071 tzg_m Toen 3.2441£0.025 -1071 TOR YR8
2.20"  pp— Hbbj (4f) pp>hbb~ j 7.367+0.002 - 1072 F320% +18% 9034+ 0.032 .10-2 7% 1%
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Process Syntax Cross section (pb)
Higgs pair production LO 13 TeV NLO 13 TeV
hi  pp—HH (Loopimproved) pp>hh 1.77240.006 - 10-2 3% *34%  2.763£0.008 1072 *i18 13T
h2  pp— HHjj (VBF) PP>hhjj$swtw-2z 6503+£0019-10"1 +12% A2 6820+0.026 1071 5% 2%
h3  pp—>HHW* pp>hh wpn 4.303 £ 0.005 - 10~4 *99% +29% 50024+ 0.014 - 1074 F]3% +20%
h4*  pp— HHW=j pp>hh wpn j 192240002 - 10-4 +142% +15% 9918 4 0,009 . 10~¢ F27% +1.6%
h5*  pp— HHW*y PpP>hhuwpna 1.952 +0.004 - 10~¢ +30% +22% 23474 0.007 - 10~¢ F2.3% +2.1%
h6 pp—oHHZ pp>hhz 2.701 +0.007 - 10—4 +09% +20% 3130+ 0.008 - 1074 F1O% +2.0%
h7*  pp— HHZj pp>hhzj 1.211£0.001 - 104 F}{7% H14%  1.3940.006 - 101 7% H19%
h8*  pp>HHZy pp>hhza 1.397 £ 0.003 - 10-6  +24% +2.2% 1604 +£0.005 - 106 *1.7% +2.3%
h9*  ppoHHZZ pPp>hhzz 2.309 £ 0.005 - 10°¢  +39% +22%  9754+£0.009 - 1076 F2.3% +23%
h10* pp— HHZW? pp>hhzupn 37080013 -10°¢ SR *I9%  4.904£0.029 107 PR R
h.11*  pp—> HHWW~ (4f) PP>hhwtw- 7.524+0.070 - 1076 3% +23% 9968 +0.030 - 1076 *F23% +2.3%
hi12 pp— HHtt PP>hht t~ 6.756 £ 0.007 - 10~4  +302% +18%  7.3014£0.024 -1071 1A% 422
h13 pp— HHtj pp>hhttj 1.844 4+ 0.008 - 1075 +00% *1-8% 2,444 40.009 - 1075 FI3% T250
h.14*  pp— HHbb pPp>hhbb~ 7.849+0.022 - 10~% F33-3% +30%  1.084+40.012 - 1077 FTS% +31%
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Process Syntax Cross section (pb)

Heavy quarks and jets LO 1 TeV NLO 1 TeV

il ete” —jj et e= > j j 6.223+0.005 - 1071 *99%  6.389+0.013 - 1071 F5-2%
12 efem —=jjj et e->jjj 3.401+0.002 - 1071 *96%  3.166+0.019 -1071 F92%
.3 ete™ —jjjj et e->3 3 i ] 1.047 £0.001 - 1071 F20-0% 1,090 +0.006 - 10~ F00%
4 ete” —jjjjj ete->jjjjj 2.211+0.006 - 1072 *30%  2.7714+0.021 - 1072 FLk
i.5  ete =t e+ e- > t t~ 1.662 +£0.002 -10~*  *9-9%  1.745+0.006 - 1071 F0-4%
i6  efem ity et e- > t t~ j 4.813+0.005 - 1072 *93%  5276+0.022 1072 1)
L7% etem —ttjj et e- >t t~ j j 8.614 £ 0.009 - 10~ +194% 1,094 4+0.005 - 1072 F3-9%
18" eTe” i)y et e- >t t~j jj  1.044£0002-107% F305%  1546+0.010 1073 F196%
1.9*  ete” ottt e+t e- > t t~ t t~ 6.456 +0.016 - 107 T191%  1.221+£0.005 - 1076 *13-2%
i.10*  ete” —tittj et e- >t t~ t t~ j 2719+0.005-107% *299%  533840.027 108 133
111 e*e” —bb (4f) e+ e~ > b b~ 9.198+£0.004 - 1072 *00%  9.282+0.031 -1072 F00%
.12 ete” —bbj (4f) et e= > b b~ j 5.029 +£0.003 - 102 *35%  4.826+0.026 -10~2 3%
- * - 7o :s 3 - 20.0% — 0.0%
113" eTe” —bbjj (4f) et e->bb~ jj 1.621+0.001 - 1072 *929%  1.817+£0.009 -10~2 *20%
14" e*e” —bbjjj (4f) et e->bb~jjj  3.641£0009 1072 4% 4936+£0.038 107 5%
i.15*  ete™ — bbbb (4f) e+ e- > b b~ b b~ 1.64440.003 -10~% F139%  3.601+0.017 -1074 FI52%
i.16* ete™ — bbbbj (4f) e+ e- > b b~ b b~ j 7.660£0.022-107° F33% 153740011 -107% FIT9%
117" ete” —ttbb (4f) et e- >t t~ b b~  1819+0.003 1074 F1%5%  92923+0.011.107% F52%
i.18* ete™ —tibbj (4f) et e- >t t~ b b~ j 4.045+0011-107% F305% 70494 0.052 10 FI3TE
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¥ Durham

University
Process Syntax Cross section (pb)

Top quarks +bosons LO 1 TeV NLO 1 TeV

il ete” —ttH e+ e- >t t~ h 2.018£0.003 - 1073 *09% 1911 +0.006 - 1073 F0-4%
j2*  ete” > ttHj e+ e- >t t~ h j 2.533£0.003 -10~4 *32% 2658 £0.009 - 10~* F9-3%
j.3*  efe” o ttHjj et e->tt~h jj  2663+£0004-1075 *193% 3278400171075 FEI%
j4* efem oty et e- > t t~ a 1.270 £0.002 - 1072 F0-0%  1.335+0.004 - 1072 F05%
j-5*  efem —ottyj et e- >t t~ a j 2.355+0.002 - 10-3 *23%  2.617+0.010 -10°3 5%
j-6*  ete” o ttvjj et e- >t t~ajj  3.103£0.005 10 *135%  4002+0.021 .10 F34%
Tt etem otttz et e- > t t~ z 4.642£0.006 - 1073 *00%  4.949+0.014 -107% FO5%
j8*  etem o ttZj e+ e- > t t~ z j 6.059 +0.006 - 10~* *33% 6,940+ 0.028 - 10~* FZ0%
ji9*  ete = ttZjj et e- >t t~ z j j 6.351 +£0.028 - 10~° +194% 8439+ 0.051 -10° +38%
10 ete” »ttWEjj e+ e- >t t~ wpm j j 2.400+0.004 -1077 FI193% 3723+0.012.1077 6%
j11* etem —»ttHZ et e- >t t~ h z 3.600 +0.006 - 1075 *09%  3.579+0.013 - 1075 FO1%
j12*  ete” »tinZ et e- >t t~ a z 2.212+0.003 - 10~* *00%  2.364+0.006 - 10~* +06%
j13*  ete” o tiyH et e- >t t~ ah 9.756 +£0.016 - 1075 *0-0%  9.42340.032 - 1075 F9-3%
j14t efem otiyy et e- >t t~aa 3.650 +0.008 - 10~% *00%  3.83340.013 -107% 104%
j15*  etem »ttZZ et e- >t tvzz 3.788+£0.004 - 1075 *09%  4007+0.013 -1075 FO5%
j.16* ete” > ttHH et e- >t t~hh 1.358 £0.001 - 10~% *09%  1.206+0.003 - 10-° *+9:9%
j17* etem HHWHIW™ e+ e- > t t~ wt w-  1.37240.003 -107% 0% 1.540+0.006 - 10~* *19%
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"« What is MadGraph5_aMC@NLO
e Loop-Induced processes

= PS integration (gg > h)

= |.O re-weighting (gg>zh)

= NLO re-weighting ( g g > h h)
\_




Loop Induced W Durham

(" Why? "\ ( Difficulties? A
*Main production
mechanism for Higgs & *The phase-space
Higgs associated integration is based
processes on the born diagram
e Effective Theory are *_oop evaluation are
not always relevant extremely slow
“E \f_u‘ qu | Effc Rl %lﬁeogj_i .
G : *Need Leading Color
Z sl information for
s writing Events
Sl associated to the
e loop
\ - 3|00 4|00 5|00 MSIS,O[Ge \;;00 8I00 9|00 1000 j k /




Implementation W purha

(" Difficulties? Y ( Solution N

eContract the loop to
have tree-level
diagrams which drive
the integration multi-

[ _oop evaluation are channel

extremely slow Use Monte-Carlo over

*Need Leading Color helicity
information for eIncrease parallelization
writing Events

associated to the Compute the loop with
loop the color flow algebra

* The phase-space
integration is based
on the born diagram

- /L /
 Mattelaeroliviee  Higgstjees  9/2/2014 1m




First Example: gg>h o

(User Input )
egenerate g g > h [QCD]

*output
L elaunch )
("Loop Induced %%% %% )
Oloop — 1574(2)pb > ------ Lreas 3 > ...... s
\_ A o y
("HEFT ™
o — 7.63 2)pb
| Oheft (2)pb




~@- First Example: gg>h ¥

(User Input ™
egenerate g g > h [QCD]

eoutput
elaunch
\_
4 Loop Induced %%% -
Gloop = 15.74(2)pb > ______ -
\_ M 2
(HEFT  ° 7\ (No bottom loop

\O-topl()()p — 1765(2)pb D




p p > h j =Durham

University

(HEFT P A
L4 T . L I L T v L4 ] T ¥ 1 L ‘ Bl LA |' Ll L LA 3

to°_é— 3

g 1071 |- ;

> 3

Oheft = 13.87(3)pb : |
? lO'aL— 3

- Sy 3

1073 |- 111\1_1_‘:”1~l

N Lanar sl

/Looplnduced LT ST fod ST R
Tloop = 13.24(2)pb | _3

sigma (pd/bin)

Ttoploop = 13.56(2)pb A g
- R




N pp>tt W Durham

(" «Same sign top discovery will be v dsb 1 A
the proof of New Physics but W}‘{W
this process exists in the SM N N

*QED Loop o
esuppressed by CKM/bottom

_ mass

/ -

Never computed before
Glo0p = 2.23(1)10715pb : -
:
o




~@-  ME-Reweighting WD

o

sigma (pb/bin)

1.000 |

0.500 |

0.100 |

0.050 |

0.010 |

0.005 b=

sigma (pb/bin)

eldea: use one (un)weighted generations and h
associate additional weights from different
hypothesis.

| Mew|?
Wnew — WO
| Moa|? " old
/
/LO Examp|e (p p > / W) [1405.0301/1404.71:23]\

Reweighted

L} LJ L] L] ] L] L) L) Ll I A} L} L] L} l L] L] L] LJ l L) L] L L)

200 400 600 800 mOy
Ecm




~(pd~ gg> /H WDurham

4 )
Loop Induced Example %%% o T,
Orwgt = 0.0584pb . g
m(z1,h11)
o:| - |250 500 750 1000 1250 1500 0 — 11(1,01 — 12(1,01 — l3(1,0l — 14(1,01 — l500
e Result identical to the standard integration
L method Otrue — 00575(5)pb y




gg>HH beyond LO Wouham

(Full NLO A
 real emission: HHg (one loop) : doable

e virtual corrections: two-loop

1 % ! Currently not available!
\_ — /
Use Effective Theory )
Lop = 2% Ga Gamv log(1 4 b
Effective off = 3o T og(1+ h/v)
Lagrangian 1 o { o
L St R s e it L
= _l_:i Imy MY 4 6mv? HY
\_ /




~G>~  Areweighting approach for HH ~ Whuhan

4 )

e NLO HEFT event generation: MC@NLO method

do™ = dgp1 (R — Cuic)

do®) = de,.q [(B +V + Cmt) A

d¢n+1

+ (Crc — C)]

e Different weights stored internally: virtual, real and
counter terms

e Reweight on an event-by-event basis using the results
of the exact loop matrix elements. Schematically:

B,V,.CP") Cyuec X Bpr/Buerr
R X Rpr/Ruprr

e Fully differential reweighting
e Matching to parton showers with the MC@NLO method

o |/

Mattelaer Olivier Higgs+)ets 9/12/2014 24




Differential distributions for the LHC 39,51523;“

, | HH production at the LHC14 LOFT —
10 [ B NLO HEFT Born-improved ---- 3
I = — NLO I:Tapprox —
107 | = E
= X - I
Q - __ _
=] ! L 1
Q
5 . 4 -
e — |
107 - 13
C 4 32
L 1= ®
- {10
L 1=
©
_ § m\
<
10° 4 &
: 16
-MSTW2008(N)LO pdf 19
FUuR=Ur=M /2 =
-HRI MIF I |I-|HI 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 -
o L PDF.unc  _1 scaleunc [ NLO FTypproxtPY8 —— LO FT+PY8 ---
1 Lo ocbomloocdomomombhoomomo|me ol modomaomomomodomomocamomomomomomomom bhoomomomomomamooo oo —_
i | L L I L L L L I L L L L I L L L L I L L L L I L L L L I L L L L I L L L L =
400 600 800 1000 1200 1400 1600 1800

m(HH) [GeV]



Differential distributions for the LHC ~ WDurham

HH production at the LHC14 LOFT — m‘]cluding the exact \
2 | rn-improved ---- - -
R o matrix elements
— has a bigger effect
_ in the region of
hard parton
= 10-3 . . . . I f
g : emission: tail o
S : pT(HH) distribution
© o .
12 Exact matrix
—4__ |58 |elements give a
107 42 | better description
| AN T
L MSTW2008(N)LO pdf —— 1 3
-M.R=.M|.:=.mll_|H./2. o oy oy ey by Ik g
5 -_PDF_ unc £ scaleunc [ ] NLO FT pprox+PY8 —— LO FT+PY8 ---- _

0 50 100 150 200 250 300 350 400
pr(HH) [GeV]




e Conclusion Pt

("« MadGraph5_aMC@NLO A

= Framework for LO and NLO computation
= Fixed order or matched to the shower
= Merging possible
e Loop-Induced
= Phase-Space Integration
= Reweighting

= Both will be released early 2015
\_ Y




