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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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™
Syntax LO 13 TeV -4 *TA% :1
Process " -4 $ATH 423% 9.‘969=*¢°-°35'm_3 -y +}-§
Four vector bosons 57210014 - 10 R ) 840,004 10 ey Priy
seetian, (ph) . >t wmwe w5 107 R e L -10=% %88 L%
Croan NLO 13 TeV N SWW-W*W- (4) pp w= wpe z 6391 4 0.076 “ IR ‘T“ 1.546 £ 0.005 . TR ,:
Syreax LO 13 TeV o%08 10 .;n c21* pp WeWEZ (4f) PP > w 8.115 4 0.064 - 10 ::z; re 5’ 7.107 + 0.020 - 10_ ) -
Pracem ¢ NMNS 2wz a «’5 * “Wrw > wé w- wpa a 10-1 -1 103 Y
Ll S 23 ,;ﬁ pbapppogedi b T BT 22 pp fWoWEy (4f) PP 4320 £0.013 - T30% 43 1.483 £ 0.004 - e 414
w0 v e 2msemns. e S A8 o s 418 HE 2 ppWe ZZ () pprwu-z2z 8403£0016 1074 %308 Ty 0381400321071 Zyay *iig
2 s @ >e>aime Lok s00m 10+ A8 115 2istsosen ser 18 1 SR D weas 51081002104 “oo% 1ex 2040004 10~ 15 T
c ~ZIWS PP . 1085 £ 0.002 - , ;I‘ﬁ 2,581 £ 0.008 s i i . <+ W*W = Z~y (46) >wew-aa 5. g-8 481 pry 1. 10-4 ,wﬂ + 0%
3 w» 22¥ A ds 142720011 307 e ek %281 00“"‘" iz By c25* pp Wy (A1) PP 5862 £ 0010 -1 rrv! ey 2.945 4+ 0,008 - rf- i
A e W (4 PRraw e gmum""': g::}g LT £ 0008 “', ;:gﬁ: €26 pp 2 WIW Ty PP>vpRzz2Z 48 4 0.003 - 104 t:inx -'-g £0010 - 107 *O8 -w
- - i Anma  dsuiem o B O Lsoea-w o g 27 pp-+W=Z2Z pp >vpmzza 1.l £0.004 104 *LTE 421X m‘:ioms-w" T T
>a . - -t . -3 - -3, -8, :
:,7 Py IWT :: >azz zm::::.n" K:E:‘:a ;ﬁ::::;.n iy v c28° pp-+W=ZZ~ PP >vpmzaa lmto.om .10-% :‘:o‘: :}':: 1.4 4 0.008 - 10-5 1}& :?%
A mwordZ PRIans 100+ 0008 . 10> S i e T 20" ppW=Zyy >wpmaaa 3600 10°% 130% G 2629 10°8 T e
o  ppomZ o 3 +EOW +16m 1 ler 0008 o AR c. " PP 1.989 + 0.002 - T1O% 3% 5.224 £ 0.016 - % 42
L. 0010 - 10~ * B 0003 - 10" Tiox Tark —+ W=y zz -8 +1.9% + -3 ¢ -1
10 gp sy .67 2 BB 1.066 L z siwm tan 30" pp >zz 1077 Tow o 032 -107% Ty
e - PP v wpa ) 210 - 307 saak ok 081 - ¥ Tl e 2227 PP 3.945 4+ 0,007 00: +2.1 751840 A +1
el "_.wm'-.l_i"')‘:)‘) :’ >rwi v "::t:ml’" -t :"‘E ::::m W R LR e31* pp—2222 Pp>s3zss 5513+£0.017 -107* 'O ey 7.103+0.026 - 107 '3 ey
e A S oot 1> e 4 12324 0004 107 S S c32° pp—+ZZZy PP>zzaa 47000012 .10 235 23 3380+0012.10°5 1% 1134
g WO M muEnAE o e PRIIlIL imeenmoel daia
- s Py 00l - - P~ : 082 - -‘L N 2 B
ol ”n””' Jan PP aawe :‘::m'_'r' :E:‘ﬁ:?: :;:::m".-: :}Eég e pprZyyy pp>aaaa
clé  ppoamWe PPR>azwm) +0m3. W o 1 +0011 .10 :«."-‘:ﬁ 35°  pp—rrvyy )
el 01?;".’ Prpr2annj :z.m“'n-’ :?&;:: ::,:J’o”‘~D fﬁ: :.n C. Cmm(pb Nwlanv
AR pp X7y >aazx) - oG . :nﬂ-"‘
A9 pporZy ::) “anl e Syntax LO 13 TeV 62 +0.031 - 10° t:.g t:g
A g vy Process oo bososs 002 107 t‘;:# tm 8.1 0004 . 368 ﬁ:giﬁ 'y
T Heavy quarks+vec b b 3074 %0. 8% +1.0% 1.235 + FITR 414%
Qoo ection NLO 13 TeV PP > v 0,008 -107 300 1% T1£0015 -10° Y28 Y102
Tev aA% s0rs W= b (4) b b~ 6.993 : +51.9% +l-‘= 1.1 % 10.1%
Syntax o e. . ~38% -2, .
Procos R K somk ) men 4 0007 - M0 .‘"! Py 1 - Z b (4f) PP>= 1.731£0.001 -10° T3 3T 0.013 - 10# t::o’( —0.6%
Sy syl . Jike G- amsm  Lmieemd e iy o2 W—Mb&(m ppos > 003 -10° 3% YoTk &%uo’om 107 *ew Tiow
- PP S9W L0 100 8T =% P TIROR +ian e3  ppr bb~j 186140008 - +H28% 409K 9 a8 4 0, T18.9% L%
4l w—ii PP>54 i o TR .:“ 6438 £ 0.028 o ~ ':n N PP > vVvpm 40,001 -10% ~276% 1% 4+ 0.004 - 107 ~19.9% -1.%

. ! rr : hhex - b5 (4f) 1.604 +51.2% +1.0% 1.233 L%
i) s iracom e SRIR Voo GF g or moweh p>zbbms o710t S5 S SR
43 ppadh(4n) e T ::ﬁ Er: R ELEr o5 ppZthj (4:)) : pP>abb~jy 781210, 1077 *BIE % g a6 4009 ‘1::)_, ;‘,‘_"-,‘g’;; +io%
AA gy by (40) >bb~ ) lame 0 ST o ~—T . <y bbj (4 3777+ 0,008 - -y 7.508 + 0,026 - ¥ ey

PP " 0407 LY . ! e6* pp -1 4305% 4+ +9A%
A5t by (:2 PP>DOND O G0+ I "7“"'0'035_::; ;ﬁ !ﬁs Wt PPt v 5273 0.004 - 10 Rty 1744 +£0.005 - 10" *775 "':m“
A6 pp B 4561 10,000 - iy 4106 4 0.01 O¥E 13a% o7 - >tttV z 001 - 10° ~21.3% -15% -1 411.2% 41
. PPN broeiportio e+ 3¢ Baibpeied Al 8 ppotiz M 1204 £ 0. % Digw SN0 107 LR A
o o= PPt~ 1107 1o S L 103 TR Caw e PP [l Bty ’ Q0 O
" 1301 £ 000 N e 01 4 0028 i 0.002 - 1 J2A% -1 40016 -1 S12.3%
as !P’g’ ’p>¢:~::~ 4505 4 0,006 - 10~ _:“;0.9! 1452 10005 . 10' *3 6% 3% ed  pportty . PP>tt~ vpm j mziuooc-lo" oy :iox sm‘iom"ld’ t:;’:“ tg;:
100 ppaii Py 611920001 -10° @73 43 : 10" pp W) S0 8] AB=l 10107 *HA% fiek 1185 -3 H09% +31%
- -l “‘(‘0 PP>S o~ DOy 1n* m—b“z) el >t t~a j 8.726%0.0 +N¥E +20% 9.904 £ 0.026 - 10 s :=a :g.:l'ﬂ
4l _ppoat o +tinj EE 675000610 3,5% 235 352520010 107" o 1%
v wretion (ph) v o » S 002 -10-% OCE 1T 0.013 .10~ *1O% 1o
(53 Y B LA% AR 3* m—o“w_w’ (40 PP t t~ wvpm 2 2404 0. -3 4254 ::a 3927 103 +7.9% .::“
Syntax - R OIR ) eay 2 0.008 - 16F IR AR o tWrz PP a 27180008 - 10 :gg +LTR 1.840 + 0.007 - -3 :: +1.
Proeves 10001 -10° ‘4% ¢ Pt 4% ppat >t t~ vpa <1073 1% ~1.5 1077 Thiom S1om
Sloggntap FrRTa ;m.ﬂ“;‘ 0~ .5’35"& |M70“m‘ (Ll - Wy PP P 13490014 -1 3 :zalll +L 3.656 +0.012 3 4‘}“ +14%
>3t ) 504 4 0014 - v - 0.9 4 0 oy 1o A5 pp tt~2 107 ¢ -], 1077 ¢ % 1A%
(1 pp—stf (t-chasmel) ::, DERE L 6.507 £ 0.007 - 10= ‘-:;::'-.l: 1319 £ 0003 - 108 :'?“??“ e 15. iy PP> . 2548 < 0,003 IO-’ s rty 440240015 -1 2.7%
€2 pprryy (vehanned) >ute)dsve v 106 £ 0000 - 107 '.,.“-:»;lﬂ K612 4 0025 (0~ —ox —avx 16 pp ) PP>tt~ 272+ 0,006 - 10 ~206% -1.1%
0 g 21Z) (raned) B A e o, HEAR Leoane =ros Ao e17" pprtiZy pp>ttvaa 3
© ,.g,[edn-'l.‘z) PP’"“,.“:: 29008 & (LONE2 10 ;:':I:“ 1.008 £ 0.004 - 10 ':':0:“"';,‘ 18" w—bu.ﬂ
= e "”luw.“) L Rk Bl TARLALN - o il 196220007 -107% o )k .
6* pp 212 ( PIEILL P e i 1490 2 0008 - 103 ;[ﬁ:ln 15920008107 *iy tiw
o n-.o(-""""‘?" :,.—..h--""’:":: 107220000 1073 *10R IR
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Prooss Syulsx Cruss section (pb) Proswss Syntax Crons swoetlon (ph)
Sisgle Hinss predactive LO 13 TeV NLO 13 TeV Higgs puie peodintion LO 13 TeV NLO 13 TeV
B moRMET  pprs vseans ' SR ameamo ' SBEAN T g ot T T L7T2L0006-10-% TRt B 276320008107 1% B
22 pp > Hj (HEFT) PR>M ] RATHONGE )P PEAR LI a2 an0G .t HIA% LI 4 ATER 400w 4 ON% 42
T -iex Siem —iex B2 pperMHjj(VOE) PP BB )sSw w-z 6303L0019-10% 70 *I0%  es0i0028-20¢ 0%
g3 oM (WEFT)  pp>n ) Jme0ou (W i City MM W St p3y  ppsarAWt PpP>bhwa 4300+ 0,005 - 10 TPTE TR S.002:0014 - 107 TTE TS
g4 ppoo MMy (VOF) PP >R) )M e vz  LoTiaN210f LR NG 1010000 00° RN g ppoHAWYj PP>bbwpay 192240002 - 10~ 103 1IAT 221840000 - 10~ 155E 1R
g5 pp-» M55 (VAF) PP >B33Isve v 2RAMAQMS 0! TR TN amsaamo- 0t TSR CUHE  pge gl TR 1052 4 0,008 - 10=° '30% ITH 234740007 10= 38 TR
26  pps HWE TR 11952000210 FIE MR L41920005.10° HIE CME hé  ppITHZ PP >Rz 2700 £ 0007 - 10 TOTE IR 31004 0.008 - 10—t T1A% e
&7 o HWEj PP>hwm) 4018200031070 TSN TR 4BR2100I7-107 VR TIR M pp o HNHZ) PPO>Ubzj L2 00000 1070 THI% TLER g a0q 0006 . 10— 12T LR
25" s HWEjj pp iy 119820016 100 *IRIE YOSY  15T4zaom 107t RN D A pp s HHZy pP>00RA 10T+ 0N - 106 S34% 42 Jm LG4+ 0.005 - 106 +1TE Tf:
g9 o NZ TILE 6465 + (LS - 10! ‘"" NI reMeany .t HE UK wee g G HHZZ pp>hbzz 2300+ 0005 - 1076 239 :f’,g 2754+ 0.000 1076 T 12
20 pp s HZ pp2hzj 2225+ 0001 .10 ':,;‘ ';-‘ 2667+0m0 0t 3 ‘;—h MI0*  pp s HHZW? PP>hhzups ATOR+ 0B 1076 FEIR T o s0um9 07¢ 3T *f‘ﬂ
211° o MZjj PP >bzjj TaLOmz 0 Y NRG NG STSL0WT 107 NS NI wnt pp s HHWWS (4f) PP>EN e s 7524 % 0070 10 ¢ f}; s 0205 + 0.040 - 10°© :’g, 5{-.
£12° o MWEWS () pp>Bwew sa2si0.13 10 1058 TE  Lossiaoedo1o? 3SR TR M12 s HHU PP>hbt e~ 6.756 £ 0.007 - 107 :}.’?‘, e TS01£0021-207" t'fa Gh
IE gy s HWE, PPN a ':.m-*uwﬁ-w": :?‘i 1:.3.‘ 3am <0 0 l§= l{.:.‘ L3 pp—HHL pp>hbhtj ISME0008-10 ¢ ST IR 244420000-10 % T3 3
LM > HZWH PPo>hzum INGL0007 100 iy Sy AMem5.1070 S35 oy BT pp—s MHI pPp>hEb b THOL0072-10 ¢ SRIE AT rostsoo2.10 T 4TEE S0
2 pp s HZZ TEAEE 2003+ 0008 0~ F0IR SR amas<s 0007 a0 SN SR
216 o i PP>Bt e~ 357920003 307" *RE TR 4608200061070 *EUN *IUR
g7 pprlfy PP>btt) 4myaan0s 107 PP TR emzasa0gz- 0¥ PR TR
I8 pp oo ITES (4F) PP>BD 405140002 107" EIN TIAN goRs 40006 10-t TIEN CL
219 po- MU pPPe>ht~ 267420001 .10} ﬁ ‘:ﬁ 3Miso0ms 10 ‘;3 ‘,‘a
220 pp-» HEbj (1) PP >Bbbe ) 796720002-1072 THE YUY 0.03110002-1072 i Tiax
Process Syntax Cross section (pb) -
Heavy quarks snd Jets LO 1 TeV NLO 1 TeV Process Syntax Crom section (pb)
Top quarks +bosons LO 1 TeV NLO 1 TeV
i1 *e~ - jj et e->3 3 6.22340.005-10°" 0°%  6.380+0013.107" 0% " - - ~—T
i2 cte” —’JJJ et o= > j ’ ’ 3.401 + 0,002 _lo-l ::“ 3.166 + 0,019 _lo-l tg:‘ j-‘ c‘C st e+t e- >t t~ h 20184 0.003 - 10 , ;g 1.911 £ 0.006 - 10 ) ;:
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) - ~ a0 et tHHZ o+ o= > : 006 -10°% * 013 -10°% *
12 e*em - bbj (4f) ot &= > b b~ § 502040003 102 *9¥% 482640026102 *03% J'lz- ““’_"u , ot : LrenE ::::gg :g_. -0 :jz:gz:: ::_‘ 2
L13° etem —bbjj (4f)  er e=>b b~ § 162140001 -1077 *39% 181740000 -1077 9% "13. e "H o treaz 075650016 105 ‘oo8  9.423 10082 . 10-5 1o
LI® c*em bhjjj (4) et e->bb~ 5§ 364140009107 T gaa54 00881070 T4ER j"w i eretrrtitvan s eme. et AZLO. -t B
L15°  e*e” —» bbb (4f) et e=>bb~bby  L6ME0003-10°* *I75% 3601+0017-1074 I3TE maminlii gl remrrimaa 300008107 “agg ISTWLO0I3-107 “aq
16 c*em -»bibbj (1)) e+ @= > b b~ b b~ § TH60£0022.10°% NI ygazigon .10t TR HE &6 65& HErtEs 3.788.+0.004 - 10 “oox 4.007 £0.013 -10°% T550
P P j16* ete” HHHH et e->ttvhh 1.358 £ 0,001 - 105 *09% 120640003 -10°% 0%
*u - 3 - . 5 N
L17* e*e s tibh (41) et e- >t t~ b b~ 1.819 £ 0,003 - 10 T4 29230011 -10 8. jar ~ S HWtW"™ e+ o= > t t~ ut u- 1.372 < 0,003 - 10~* :gg 1.540 + 0,006 - 10~ :&g
LI8*  e*e —»tibbj (4f) et e >t t~ bbby j AMSE0011-10°% IR 7.049+0052-10°% RIS




Type of generation W Durham




Type of generation e

University

Fix Order

+Parton
Shower

Merged
Sample




niversity

Type of generation ¥

.........................

+Parton é
Shower

Merged
Sample




TIversity

Type of generation W putam

Tree Tree
(SM) (BSM)

Fix Order

+Parton
Shower

Merged
Sample




TIversity

Type of generation W putam

Tree Tree NLO
(sm)  (sm) (D)
(M)

Fix Order

+Parton
Shower

Merged
Sample




@~ Type of generation  ¥euw

niversity

Tree Tree NLO | NLO |

Fix Order

+Parton
Shower

Merged
Sample




~@-  Type of generation e

TIversity

T T (gton) aco) (EW
- (SM) é(BSM)E (SM) (BSM) (S

Fix Order

+Parton
Shower

Merged
Sample




Type of generation W putham

Tree  Tree NLO NLO NLO NLO
(sm) (esm) (GCD) (QCD) (EW) (W) -

(SM) | (BSM) (SM) (BSM):

Fix Order

+Parton
Shower

Merged
Sample




Type of generation W putam

NLONLONLONLO
- Tree | Tree | - Loop
(sm) (Bsm) (GCD) (QCD) (EW) (EW) . ceq

(SM) (BSM) (SM) E(BSM)E

Fix Order

+Parton
Shower

Merged
Sample




Plan W Durham
4 . N
 What is MadGraph5_aMC@NLO
- n
| ¢ Loop-Induced processes y
= |.O re-weighting
= PS integration
\_ )




(" Why? A

e Main production
mechanism for Higgs &
Higgs associated
processes

e Contribution for NNLO
computation

e Correction to shape
of observables

Loop Induced

A |
W Durham
University

(" Difficulties?

 The phase-space
integration is based
on the born diagram

* Loop evaluation are
extremely slow

* Need Leading Color
information for
writing Events
associated to the
loop

~




~@-  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
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Loop Induced Example : .

Orwgt = 0.0584pb

m(z1,h11)

10~2 -
10~3 :
10~4 -
1079 ;

1076 |

1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

1 1 1 | 1 1 1
0 250 500 750 1000 1250 1500 0 100 200 300 400 500

e Result identical to the standardptintegration
method Otrue — 00575(5)pb
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( Why? 2\ ( Difficulties? h
| | *The phase-space
* Main production integration is based
mechanism for Higgs & on the born diagram
Higgs associated

*Loop evaluation are

Processes
extremely slow

e Contribution for NNLO

computation *Need Leading Color

information for

e Correction to Shape writing Events
of observables associated to the
loop
\_ J J




Exact Integration

(" Difficulties?

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

[ _oop evaluation are
extremely slow

*Need Leading Color
information for
writing Events
associated to the
loop

o

~

A |
W Durham
University

4 Solution )

/

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

e Use Monte-Carlo over
helicity

eIncrease parallelization

Compute the loop with
the color flow algebra

J




Exact Integration

(" Difficulties?

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

[ _oop evaluation are
extremely slow

*Need Leading Color
information for
writing Events
associated to the
loop

o

~

/

] |
W Durham
University

4 Solution )

eContract the loop to
have tree-level
diagrams which drive
the integration r ¢S

O\
channel Rt

*Use M3 ?“(s\“‘a‘\‘?‘e over

~ompute the loop with
the color flow algebra

- /




First Example: gg>h o

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

*output
L elaunch )
("Loop Induced %%% %% )
Oloop — 1574(2)pb > ------ Lreas 3 > ...... s
\_ o~ 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
i L T v L T ¥ ] T Al L4 ] Ls T f L ] Al LA l’ A L LA 3

Ther = 13.87(3)pb

sigma (pd/bin)
e 3
~n -
ey
ul d

\ 0 100 200 200 1 /
pt

/LOOpInduced ST S——
1o°:§— ﬂl‘ﬁ\ —g
Tloop = 13.24(2)pb |

sigma (pd/bin)

Ttoploop = 13.56(2)pb | .
\. Hopgnld




Validation W Durham

e Comparison of g g > h g between
= heft
= |oop induced
= re-weighting

pt sqrts(s)
20t [ ) heft ] heft
1 MG5 al 1 MG5
1 RWGT |} 1 RWGT |
1.5}
3 .
1.0} S 9
|1= 2r 12
[C) [C)
] W]
= =
ml '0.
0.5 - | 2 1 s | 2
[« % [« %
o | o
O [G)
; T
0.0 - - - - 0 : - - - .
1.051 S~ ————— — W 1.05¢ \
1.00} \_-—f\,——\/"\/\/\/ 1.00} — e S
0.95¢ 1 0.95F .

0.90, 200 200 600 800 1000 0.90, 100 200 300 200 500 600




Validation W Durham

p_t
20— ] heft
L1 MG5
1 RWGT |
1.5} ]
1.0} ‘ S
=
®
)
=
ml
0.5} |0
Q.
©
O
©
s
0.0 : : : :
1.051 ¥/\/ \/\/\/\/
100} —— W
0.95 .
0.90




Validation W Durham

p_t

20— [ heft
1 MG5
1 RWGT |-

= | TopOnly

1.5F

1.0

0.5F

MadGraph5 aMC@NLO

0.0 % } % %
1.05 -
1.00 -
0.95
0.90

|

|

I

0 200 400 600 800 1000




Matched/Merged W putham

*Higgs Production up to two loop
= not considering the VBS production

[DJR2 |
—— Sumofcontributio —— Sumofcontributio
g 1 ----- (O-jet sampl g L 1 3y [ O-jet sampl
o 1-jet =ampl o 1-jet =ampl
=] B i ;
a 2-!et sampl 'EL 2-jet =ampl
~ Zjet =ampl ~ Z-jet =ampl
~ 4-jet sample ~~ 4-jet sample
S 4 | S 4 |
5 5
¥ ¥
10" i
% 810
2 2 i
Q Q i c : | o -
: s b .';-.'
: 6 : '
2 2 e : : 41 -
107 107 _ B .
! : ;o i
. ,‘
f ’ +-2rve] | S L L‘_L.J._I_L_L_IAI_L_L_I_I__LJ'LL_]_‘L_I_LLL
0 05 1 1.5 2 25 3 0 05 1 1.5 2 25 3

log10{DJR1) log10{DJR2)




Three Higgs W Durham

* Important for the quartic term

pt(h11) pt(h13) \
] L L T T ‘ T A | L\l ‘ | L4 L 1 ] | T T LS : T Ll L\ L ] L) T Ll Ll I ¥ T | A I T 1 L4 A ) I T T | L4

(13Tev.

10-8 ET

C
.
5
I

pt(h11)
1 A T T I L4 v A T l T T T A ) ’ A T Al T

(100Tev_

1074 | =
- ] 1072

5p

1075 |

1 1078 ¢




Three Higgs W Durham

*What is the sensitivity in the 4 Higgs
coupling:

sqrts(s)

1 full

:t%: [ 1 nodh

0.00035F

0.00030

0.00025 —

0.00020 |

L1

0.00015F

0.00010

0.00005F

‘MadGraph5_aMC@NLO




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




(A pp> h+ h- WDurham
~

Model
 2HDM type Il (generate via NLOCT)

e massive b

\_
"Loop

JAN

Tloop = 0.00803(1)pb

/
ST
/
,
.
.
/
.
IN

\ )
/ 10_3 ""I""]""I""I"" —'VYYIYYYYTYIVIIIIIVIIIIIIYYYY
b B
o 3
" . 2
b -

103 .
23 lt)’"4 — =3
g 'g =
S &
c c
: - 3
w w -
10_8 F— ” —
- . 1 S - l PR N | l [ T - l lm lﬂlﬂl 111 1”4
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\_ miy W,




e Status W Dyrham
4 I

e 2 to 2 processes: OK on a laptop
e 2 to 3 processes: OK on a small size cluster

_ e 2 to 4 processes: Specific case y

Process Syntax Cross section (pb) Process Syntax Cross section (pb)
Single boson + jets 13 TeV Triple bosons 13 TeV
_ 0% 0%

_ 131.3% +0.7% ¢l pp—HHH Pp>hhh [noborn=QCD] 0.0 % ox
al pp—H p p > h [noborn=QCD] 17.77 4 0.060 —i?}.lg) —1.0% c2 99— HHZ g g > h h z [noborn=QCD] 0.0 8% ggg
a.2 pp—Hj pp>h j [noborn=QCD] 14.82 + 0.010 1_22:?1‘%2 1—88%2 ¢3 g9g—HZZ g g > h z z [noborn=QCD] 0.0 8;‘; 8;;

.. . - % 0%
a.3 pp— Hjj pp>hjj [noborn=QCD] 8.807 + 0.010 TohB T08% cd g9 HZy g g > h z a [noborn=qCD] 0.0 0% oof
. - c.b  pp— Hryy pp >h aa [noborn=QCD] 0.0 8% 8;‘;
a.4 —Z z [noborn=QCD] 51.80 £ 0.050 1_46'3% 1—0'7% c6 pp—HWtW~ g g >h wt w- [noborn=QCcD] 0.0 9% 0%
g9 g g g g % o5 20.4% —1.1% 0% 0%
— 0% 0
a.b gg9— Zgy g g >z g g [noborn=QCD] 0.0 ¥ ;o 7 99— 227 > z z z [noborn=QCD] 0.0 0% 0%
% 0% g8 9% 0%
0% 0% c8 99— ZZy g g > z z a [noborn=QCD] 0.0 8(?9 8<7°
> = X 0 0
a6 g9—79 g8 a g [noborn=QCD] 0.0 8? 8? c.9  gg— Zyy g g > z a a [noborn=QCD] 0.0 8% 8;‘;
— (g 0
a7 g9—799 g g > ag g [noborn=QCD] 0.0 o ;o cl0 gg—ZW*W~ g g >z wt w- [noborn=QCD] 0.0 5 3%
cll gg—yyy g g > a a a [noborn=QCD] 0.0 8;‘: 8?;
S - C o (55) cl2 gg—yWTW~ g g > a w+ w- [noborn=QCD] 0.0 852 8;‘3
rocess yntax ross section (p
Double bosons + jet 13 TeV
b.1 —~HH > h h [noborn=QCD] 1.547 £0.002 - 1072 F295% +2.5%
bp . PP , A 0% 0% —2.4% —1.3% Process Syntax Cross section (pb)
b.2  pp— HHj pp >hh j [noborn=QCD] 0.0 g% 0% Selected 2 — 4 13 TeV
b3  pp— Hnj pp>haj [noborn=QCD] 0.0 8;‘3 8% clected = — °
b4 g9 HZ g g > h z [noborn=QCD] 6.180 £0.010 - 102 2870 1% d.1 pp— Hjjj pp>hjjj [noborn=Gcpl 0.0 0% 0%
b5  gg—HZg g g >h z g [noborn=QCD] 0.0 gg; 852 d.2 pp—HHjj pp>hhjj [noborn=qcD] 0.0 85; 8;2
d.3 —eteputu > e+ e- mu+ mu- [noborn=qcp] 0.0 9% 0%
b6 g9—2ZZ g g > z z [noborn=QCD] 1.182 +0.003 ﬁg:ggﬁ t?:ggﬁ da gg—>HZ M K &8 N i ° mu[ mE zocg]rn 0.0 0% 8%
b7  g9—ZZg g g >z z g [noborn=QCD] 0.0 0% 0% ’ bp w 4 g8 2 2 & [nobora=q ' 8? 8;’
b8 N S [noborn=CD] 1 2110&’ 8%06 129.9% 40.8% d.5 gg—WFTW-"WHW~ g g > wt w- wt w- [noborn=GCD] 0.0 0% 0%
. g9 ol g g > z a [noborn=Q . . 1017% 1% — -
b9  gg9—Zvg g g >z ag [noborn=QCD] 0.0 8;2 852 e’e processes § =500 GeV
b.10  gg— Y g g > aa [noborn=GCD] 5.119 £0.007 - 1072  F68:8% +1.1% el efe” —yggg et e- > g g g [noborn=QED] 0.0 §§§ %ﬁ
b1l  gg— g g g>aag [noborn=QCD] 0.0 8? 8? e2 ete-—HH e+ e- > h h [noborn=QED] 0.0 4% o
— e.3 ete"—>HH et e->hh [noborn=QED] 0.0 0% 0%
b.12 W > wt u- [noborn=QCD]  3.698+ 0.010 +26.0% +0.7% : % £E 0% 0%
. qg — g g > wt w- [noborn=Q . . 2194% _1.0%
b.13 gg—WTW~g g g > wt w- g [noborn=QCcD] 0.0 $% 0%




Conclusion Pt

("« MadGraph5_aMC@NLO A

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

= Both will be released soon
\_ /
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~&e> Demo Plan W Durham

(Example |: HEFT ~

* Model Description
o Width Computation
e Decay Chain

o

(Example II: MSSM
e Fermion Flow

AN

* Model support
e Systematics

\_
[Example I1I: NLO

NN




Effective Operator W Durham

® New Physics at (too?) High Energy




Effective Operator W gty

® New Physics at (too?) High Energy

Offshell
My > V58




Effective Operator W gty

® New Physics at (too?) High Energy

Offshell |
Mz > Vs Effective Vertex




Effective Operator W putzm

® New Physics at (too?) High Energy

2 3

Offshell

Mz > Vs Effective Vertex
= Additional terms In the Lagrangian
1 1
L=Lsu+ 35L6+ 17Ls+ .



Effective Operator W gty

® New Physics at (too?) High Energy

2 3

Offshell
Mz > Vs Effective Vertex

= Additional terms In the Lagrangian

L= Lgn - 1 £6+...

B




Effective Field Theory  ¥eu

Cq
L=Lsu+) 150
The number of possible Operators are huge

® 59 Dimension 6 Operators If
= Preserve the SM gauge symmetries

% Preserve B-L accidental symmetries
= \We consider only one flavor




Effective Field Theory  ¥our

Cq
L=Lsu+) 150
The number of possible Operators are huge

® 59 Dimension 6 Operators If
= Preserve the SM gauge symmetries

% Preserve B-L accidental symmetries
= \We consider only one flavor

e Only One Dimension b Operator:
O=LHLH
Give a mass to the neutrino




Effective Field Theory  ¥our

® Only few Operators for one process and different

effects
/Weak Boson production A
/Conserving CP 2 ( Not Conserving CP A
Owww = Tr[W,, WPWH] Ovirww = Te[Wu, WPW]
Ow = (D,®)'W""(D,®) Oy = (D, @) W (D, ®)
Op = (D,®)'B" (D, ®
- /




(D Demo 1 W Durham

BASIC COMMAND N
eimport model EWDIim6

egenerate p p > w- z
*output

elaunch
\_

@M + Interference

AN

import model EWDim6
egenerate p p > w- z NPAZ2<=2
eoutput

_ elaunch )




2-body decay W Durham

(2 body decay c )

1 9 LI N
= —— [ dP2| M b
T <




A ]
e 2-body decay 3
/2 body decay h
1 ....................
M= o7rs /d<1>2|/\/1|2
*By Lorentz Invariance the matrix element is
constant over the phase-space.
r_ VAWM, m2, m3)| M?
16w SM3

AM?,mi,m3) = (M? —mj— m%)2 — dmim3

\_ /




D 2-body decay W Durham

/2 body decay )

1 2
F—m/d@QV\/” A

*By Lorentz Invariance the matrix element is
constant over the phase-space.
r_ VAWM, m2, m3)| M?
167TSM3

AM?,mi,m3) = (M? —mj— m%) — dmim3

Calculable analytically by FeynRules

Decay_t = Decay(name = ’'Decay.
particle = P. t

partial_widths = {(P.W__plus__,P.d): "((MT**2 - MWN**2)*((3*CKM3x 1%eer 2eMT*72%¢ plexconjugate(CKM3x1))/(2. *:
(P.W__plus__,P.s): "((MT**2 - MW* z) ((3 CKM3x2*ee**2*MT**2%comple onjue (cxw 2))/(2. *
(P.W__plus__,P.b): "(((3*CKM3x3*ee**2*MB**2*com pr ugate (cxw 3))/(z *22) + (3*CKM3;

\_ /
. Mattelaer Olivier Pekin University: Madgraph miniworkshop 0 =2




N Body Decay W Durham

D

[3(and more)-body Decay

e Analytical Formula too complicated

= Especially in a spectrum independent
way

 Numerical integration

* Need to remove double counting with 2-
body

e Typically LO computation

 Remove radiation diagram
-

4 Example of code

*Herwig / Bridge / MadWidth
 Mattelaer Olivier  Pekin University: Madgraph miniworkshop 0 =z

AN




MadWidth W Durham

hep-ph/1402.1178

2-body
*Use FeynRules formula (instantaneous)




> MadWidth W Durha

hep-ph/1402.1178

2-body
*Use FeynRules formula (instantaneous)

Fast-Estimation of 3-body \

*Only use 2-body decay and
PS factor )




> MadWidth W Durha

hep-ph/1402.1178

2-body
*Use FeynRules formula (instantaneous)

Fast-Estimation of 3-body \
*Only use 2-body decay and Relevant?
PS factor )




~ed> MadWidth W Durham

hep-ph/1402.1178

2-body
*Use FeynRules formula (instantaneous)

Fast-Estimation of 3-body \
*Only use 2-body decay and Relevant?

PS factor &
J

oo




MadWidth W Durham

hep-ph/1402.1178

2-body
*Use FeynRules formula (instantaneous)

Fast-Estimation of 3-body
*Only use 2-body decay and | Relevant?

PS factor ) /Maybe \

(Channel Generation
Remove Sequence of 2-
body/radiation diagram

- /




MadW.idth W Durham

hep-ph/1402.1178

2-body
*Use FeynRules formula (instantaneous)

Fast-Estimation of 3-body
*Only use 2-body decay and | Relevant?

PS factor ) /Maybe \

(Channel Generation
Remove Sequence of 2-
body/radiation diagram

- /
("Estimation of 3-body )

*Based on the diagram. Approx. | grejevant?
PS/Matrix-Element )

o
\_ _/




MadW.idth W Durham

hep-ph/1402.1178

2-body
*Use FeynRules formula (instantaneous)

Fast-Estimation of 3-body
*Only use 2-body decay and | Relevant?

PS factor ) /Maybe \

(Channel Generation
Remove Sequence of 2- \-
body/radiation diagram
("Estimation of 3-body ) Y No

*Based on the diagram. Approx. | grejevant?
PS/Matrix-Element )

o
\_ _/




MadW.idth

hep-ph/1402.1178

2-body
*Use FeynRules formula (instantaneous)

Fast-Estimation of 3-body

*Only use 2-body decay and
PS factor

/

Relevant?

Jo \

(Channel Generation
Remove Sequence of 2-
body/radiation diagram

o

/

("Estimation of 3-body

PS/Matrix-Element

*Based on the diagram. Approx. | grejevant?

N/

" Durham

lllll

(

o~

No

A
Yes?

\_
\ (Numerical Integration

)




MadW.idth

hep-ph/1402.

A
W o
1178 -

2-body
*Use FeynRules formula (instantaneous)

J

Fast-Estimation ofjoody

o

PS/Matrix-Element

/

)

\_
\ (Numerical Integration

*Only use 2-body decay and | Relevant?
PS factor ) /Maybe \
(Channel Generation
Remove Sequence of 2- \-
body/radiation diagram )
("Estimation of@body ) // No
*Based on the diagram. Approx. | grejevant?

-
)




MadWidth
Run_card

Demo 2
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W Durham
University




Decay W Durham

Resonant Diagram )




D Decay W Durham

Resonant Diagram Y\ (Non Resonant Diagram )

\_ /L /
/Problem :
* Process complicated to have the full
process
L =|ncluding off-shell contribution y




~ED Decay W Durham

(Resonant Diagram N Mgn Resonant Diagram
6 8
- . A
Problem . process complicated to have the full
process
_ =|ncluding off-shell contribution y

Solution
* Only keep on-shell contribution




~@-Narrow-Width Approx. ¥
Fl'heory ™

1
dq* ~ — §(q% — M?
/ T l@—M2—iMrT| ~ MT (@ )

I
O full = Oprod * (BR —+ O(M))
N J
/Comment ™\
N /




~@-Narrow-Width Approx. ¥
Fl'heory ™\

1
d2 _5 _M2
/ T l@—M2—iMrT| ~ MT (@ )

» This @@nﬂpwﬁﬁirﬁﬁﬂﬂﬂw(ﬁ))
\_ - - /
—hisforce-thepartictetobe-orr-stett

(Comment Recover by re-introducing the Breit- h
wigner up-to a cut-off




28
W Durham

Decay chains

® pp>tt~wtH (t>wtb wt>I+vl))
(t~ > w- b~ w->jj),\
: ] 1)
w+ > |+ vl

® Separately generate core process and each decay
- Decays generated with the decaying particle as
resulting wavefunction

® |teratively combine decays and core processes

® Difficulty: Multiple diagrams in decays



~~Apd~

Decay chains W it

*Decay chains retain full matrix element for
the diagrams compatible with the decay

* Full spin correlations (within and between
decays)

eFull width effects

eHowever, no interference with non-resonant
diagrams

= Description only valid close to pole
Mass

= (Cutoff at Im = nl'| where n is set In
run__card.




Decay chains W Durham

o1 A-nartirle '¢

] Online Event Generation

&« = C () file://localhost/Users/alwall/MadGraph/version_1_0_1/PROC_gogo_t1ltx_tnl_ballall/HTML/crossx.html

Results for g g > go go , (go > tl t~,t~>b~allall/ h+,(t1 >tnl ,t> b all all / h+)) in the mssm

Available Results
Links |  Events  |Tag Run| Collider  |Cross section (pb) Events
resuls bunner [Paton-evel LHE] ermil st o0 3B0g ey|  3857B03 (10000
Main Page

Thanks to developments in MadEvent, also (very) long

decay chains possible to simulate directly in MadGraph!
. Mattelaer olivier  Pekin University: Madgraph miniworkshop 40



MadSpin W Durham

[Frixione, Leanen, Motylinski, Webber (2007)]



MadSpin W Durham

® Spin correlation

® unweighted events

[Frixione, Leanen, Motylinski, Webber (2007)]



MadSpin W Durham

Mo —— M5 |
® Spin correlation

® unweighted events

[Frixione, Leanen, Motylinski, Webber (2007)]



Mads$S pin W Durham

|MLO‘2 > | M P+D‘
® Spin correlation

MEGP /| M el

[Frixione, Leanen, Motylinski, Webber (2007)]



MadSpin W Durham

|MLO‘2 > |MP+D‘
® Spin correlation

® Finite width

® Spin correlation

P—I-D| /‘MPLO|

® unweighted events

[Frixione, Leanen, Motylinski, Webber (2007)]



MadSpin W Durham

|MLO‘2 > |MP+D‘
® Spin correlation

® Finite width

® Spin correlation

® unweighted events

P—I—D| /‘MPLO| dO gn
|U UHU|:|=.

O

[Frixione, Leanen, Motylinski, Webber (2007)]




MadSpin W Durham

|MLO‘2 > |MP+D‘
® Spin correlation

P—I—D| /‘MPLO| dO

® Finite width

® Spin correlation

® unweighted events

[Frixione, Leanen, Motylinski, Webber (2007)]




MadSpin W Durham

Mo —— M5 |
® Spin correlation

P—I—D| /‘MPLO| dO

® Finite width

® Spin correlation

® unweighted events

[Frixione, Leanen, Motylinski, Webber (2007)]




MadSpin WPtz

»_

Miol'— |M Lo |
® Spin correlation

MESP /| Mol -

® Finite width

® Spin correlation

® unweighted events

[Frixione, Leanen, Motylinski, Webber (2007)]




MadSpin WPtz

»_
*_

Miol'— |M Lo |
® Spin correlation

MEEP R /| MPeol = e
O Ooe

® Finite width

® Spin correlation

® unweighted events

[Frixione, Leanen, Motylinski, Webber (2007)]




|MLO‘2 > |MP+D‘
® Spin correlation

P—I—D| /‘MPLO| dO gn
|U UHU|:|=.

O

" Durham

University

® Finite width
® Spin correlation

® unweighted events
® Finite width

® Spin correlation

® unweighted events
[Frixione, Leanen, Motylinski, Webber (2007)]




*Decay Chain
*MadSpin

Demo 3

A
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Cross section (pb) at 7 TeV LHC

10000 F
1000 |

100 |

10 £

7/ TeV LHC

I 1
Sextet (uu/cciit)
Sextet (dd/ss/bb)
Sextet (ud/cs/tb)
Triplet (ud/cs/tb)

400

600

800

1000 1200 1400 1600
Diquark mass (GeV)

1800

pb/bin

h

equires Pythia8 for the




Cross section (pb) at 7 TeV LHC

10000

1000 |

100

10 £

7/ TeV LHC

Se;det (uu}ccﬂt]
Sextet (dd/ss/bb)

Sextet (ud/csitb) —— | B

Triplet (ud/cs/tb)

400

600

800

1000 1200 1400 1600 1800
Diquark mass (GeV)

A
¥ Durham

University

(Spin 3/2

~

1000 71—

+ MadGraph 5 — 8 TeV
® CalcHEP - 7 TeV
© CalcHEP — 8 TeV
—Dicus et al. — 7 TeV
——Dicus et al. — 8 TeV

100 £

10

o [fb]

e

T T T T T [ T T T T [ T T T T
-+ MadGraph 5 — 7 TeV

feqires Pythias for the

T I I I I
900 1000 1100 1200 1300

M, [GeV]

 No unique
convention for spin

3/2 and 2

=Define your own
propagator if
needed

T I
1400




Systematics Pt

4 )
Z/d$1d93‘2dq)Fs fa(1, pr) fo(T2, pF) Gap—x (8, hF, R)
a0 Phase-space Parton density Parton-level cross

integral functions section
 Which scale to choose?
*Which PDF?
\_ /
(Scale )
*No clear choice
* Typical recipe change your scale by a factor
\ of Two )
PDF
e Take the envelop




eDemo
= SysCalc

Demo
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NLO corrections W puhan

4 )
*NLO corrections have three parts:

=The Born contribution, i.e. the Leading order.

=\irtual (or Loop) corrections: a closed loop of
particles interfered with the Born amplitudes

=Real emission corrections: one extra parton
compared to the Born process

*Both Virtual and Real emission have one power of

Qs extra compared to the Born process y

4 N
o0 — / do® —I—/ doV —I—/ do 't

_ m m m-+1 y




NLO predictions W putam

* As an example, consider Drell-Yan Z/y*
production




NLO predictions W putam

* As an example, consider Drell-Yan Z/y*
production

&:OBOI‘“<1 | &Sa(l)+...>
27




NLO predictions W Durham

* As an example, consider Drell-Yan Z/y*

production
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Fixed Order calculations ¥
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Summary W Durham
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* Presentation of MadGraph5 A

e Support of BSM
 Computation of the Width
 Narrow width Approximation
*Decay Chain
*MadSpin
e Systematics
*NLO




~G>~  Are-weighting approach for HH ~ Wputan

4 )

e NLO HEFT event generation: MC@NLO method

do™ = dgp1 (R — Cuc)

do®) = dey,.q [(B +V + Cmt) A

d¢n+1

+ (Cric — 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 re-weighting
e Matching to parton showers with the MC@NLO method

o |/

Mattelaer Olivier Pekin University: Madgraph miniworkshop 24
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