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OUTLINE

e NLO QCD+EW automating with MG5_aMC

» Our approach to this problem
» Some results and sub-leading NLO EVV contributions

e Subtleties in the complex-mass (CM) scheme

» Underlying principles of the CM renormalisation scheme
» Analytic continuation of the two-point function
» Implication of setting ||

» Mixed scheme: CM +On-Shell (OS) renormalisation

Valentin Hirschi, ETHZ NLO QCD+EW automation 23.08.2018



MIXED NLO QCD+EW
WITH
MGS AMC v3.0 BETA

[ Frederix, Frixione, VH, Pagani, Shao '18 ]
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The ttH case: [ Frixione, VH, Pagani, Shao, Zaro, '15]

a;al/Q o3/2
q t q t
7
S ~H S ~H
q t q t

LO
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The ttH case: S.Frixione, V.Hirschi, D. Pagani, H.-S. Shao, M. Zaro [arXiv:1504.03446]
o172
q >m\< >M<
q
a’a o0 o’

aco [N\ /N /N ww
S I N )

oo

| j:::::[Z:Z:}ij::: t i:::::[jjiilzji:::
! o1/2 d o3/2

LO
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STRUCTURE OF NLO EW-QCD CORRECTIONS

Notation for an observable 2

Z(LO)(as, a) = o 290+ asadoq + o 2.2,2
= 210,11+ 2102+ 2L0.3
E(NLO)(OzS, o) = o Y30 + oo 231 + e 23,2 + a’ 2133
= XNLO,1 + 2NLO,2 + XNLO,3 + XNLO 4
Usually, ¥ n1.0.1=NLO QCD, ¥Xn1r0.2=NLO EW (weak+QED)

@ag @;Sa @az
/ N/ N/ N\
S s s .
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MADLOOP @ EW LOOPS

| d9eve ]

, Virtual part §

" MadLoop

» Hand-written dedicated UFO Model for QCD+EW corrections
» G, and a(M?%) renormalization scheme, not a(0)

» Complex mass scheme for handling unstable particle

» Work within the Feynman gauge, yielding polynomial numerators

Valentin Hirschi, ETHZ NLO QCD+EW automation 23.08.2018



MADLOOP @ EW LOOPS

® No external tool for loop diagram generation:
Reuse MG5_aMC efficient tree level diagram generation.

® Cut loops have two extra external particles

Trees (ete- = uu~uu~) = Loops (efe = uu~)
1 5
) 2 6
I 5
) 2 6
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USING OPEN-LOOPS TECHNIQUE

[S. Pozzorini & al. hep-ph/1111.56206]

e Lite-Motive: Be Numerical where you can and analytical where you should.

rma/m
HY — () po 1 by
N(l ) — Z CMOMerl Ol 1 "'l
r=0
e How to get these coefficients? (Wavetunction and 4-momenta indices now omitted)
r T
3 BRI
1—=0 1=0
3 0

Wy =iyt = o (vil + o) )w

Wi = VWY = (w3l + o)l (ol 4 o)l

... or end of loop and | C® = vivdviw?, €V = 0w (vivt +vd0vl),C0 = - .-
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REDUCTION

» OPP integrand-level:

CUTTOOLS G.Ossola, C.G.Papadopoulos, R.Pittau [arXiv:0711.3596]

NINJA

T.Peraro [ arXiv:1403.1229 ], V.H., T.Peraro [arXiv:1604.01363]

» Tensor Integral Reduction:
COLLIER

» Alternatives: IREGI, GOLEM95, PJFRY++, SAMURAI

A. Denner, D. Dittmaier, L. Hofer [arXiv:1604.06792]

gg —} t]ggﬁgjuction accuracy for the processgg>ttgg (1 TeV c.o.m enetg)/.t] — ZZZZ

Reduction accuracy for the process g g >t t

g g (1 TeVc.om en@\

4 Red. acc. forg g >Z Z Z Z (hel. config. 1-0000, 1 TeV c.o.m energy)
0 — N ]
o 10 5} N -
< 2 ]
o S
S c
8
C —
£ 2
) o
A <
o >
> . 3 Ninja —
8 Ninja — 5 8 Ninja —
3 107 | COLLIER — S - CutTools g 3 COLLIER — .
& i Samurai — o 3
= = 18 £
z i Golem95 12 i 1%
< £ IREGI T € 1=
g k= 18 \ E =
o e} N 8_ | |
5 a COLLER — |2 |2 n
o) Y c Q
= c 2 Q 1 S
3 8 ks 0
L 102 |, L g 1 | - . E | -
_ _ _ - N _ _ =
10" 10 1072 1620 1016t __10°  10* . 10%  10°, 4. 408 106 10% 102 10
-1 -14 12 -1
107 10 10?1070 10°
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MADFKS: QED SUBTRACTION

/ d Vel
m-+1

Real emission part |

MadFKS
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FULL NLO EW-QCD CORRECTIONS

[ Frederix, Frixione, VH, Pagani, Shao 18 ]

» Improved MadFKS to subtract QED singularities

V > v

N;NV

~

Y

Isn't that just a trivial modification of the counterterms!?

k. ~
M ky = zk, + kT + Bpn
do© (k,) =
k. \Rf\[\[\/ kc — (1 — Z)ka — kT -+ Bcfﬁz

(1,R) ). ¢ 2 ' J1+2% 1 (0)
do'\7'Y == | dk d d k. R
? 2T T/O Z%l—zk%g (Fa) +

For ttH/V mostly yes... but jets complicate things
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FULL NLO EW-QCD CORRECTIONS

S.Frixione, V.H, D. Pagani, H.-S. Shao, M. Zaro [arXiv:1504.03446]

» We can compute all NLO contribs, Incl.

2 3
S S

O 0 @
/N \J

subleading corrections

3 4
oo oo’ o O oL

» Attack dijet so as to address most remaining difficulties at once

Valentin Hirschi, ETHZ
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ALL DIJET NLO EW-QCD CORRECTIONS

S.Frixione, V.H, D. Pagani, H.-S. Shao, M. Zaro [arXiv:1504.03446]

» QCD still requires soft/collinear gluon limit to be regular

o ®mmjw’”

ISR gluon emission qg — q7y

I

—

® \ ®

ST — /\/>\/\N

g

q9 — 449 FSR photon emission

» More book-keeping — requires full automation
» Must include both gluons and photons in jets = democratic jet clustering

» Need to define hadronic jet— requires |IR-safe definition of photon jets

Valentin Hirschi, ETHZ NLO QCD+EW automation 23.08.2018
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ALL NLO EW-QCD CORRECTIONS

S.Frixione, V.H, D. Pagani, H.-S. Shao, M. Zaro [arXiv:1504.03446]

» Issues with democratic jets:
Experimentalist typically do not consider photon-jets as jets

Solution: cluster democratically, but discard jets where Ey > 2oy Ejer

However: E. is not a well-defined quantity in pQED (v — ¢q)

This is a problem only at >In1,0.3 and beyond (at least two EW couplins
are needed): In principle it can be ignored at NLO EW.

When not using the @(0) scheme, the use of fragmentation functions
to define taggable short-distance photon offers a general solution.

Valentin Hirschi, ETHZ NLO QCD+EW automation 23.08.2018
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COMPLETE DIJET QCD+EW NLO CORRECTIONS

R. Frederix, S. Frixione, V. H., D. Pagani, H-S.Shao, M.Zaro [arXiv:1612.06548]

LO, () —— LO; (02,) —o— NLO, (020,) — NLO, (02,) —
LO, (0g0tem) —&— NLO, (ag) — NLO, (ocsagm) all orders —

jets: kt with D=0.7
p) > 60 GeV  |y| < 2.8

AL, a™),m+n=2,3

contributions to dijet. Use G, scheme

g all orders

MadGraph5 aMC@NLO

* Necessitated large computing
resources, 219 subprocesses

do/dp'™ [pb/GeV]

* This process involves the whole particle
spectrum of the SM. Yes, even the Higgs.

Ratio over all orders

Relative unc.

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
P [GeV]
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COMPLETE NLO QCD+EW AUTOMATION
[ Frederix, Frixione, VH, Pagani, Shao '18 ]

Current syntax (leading terms, i.e. NLO QCD)

MG5_aMC> generate a b > ¢ d e £ [QCD]

Will become (or something similar):

MG5_aMC> generate a b > ¢ d e £ QCD=n QED=m [QCD ]

in order to include in the computation all the terms that factorise:

LO  ofa?, k<n, p<m, k+p=
NLO afa?, k<n+l, p<m' 1, k+p=>b+1

then

MG5_aMC> output
MG5_aMC> Taunch NLO

Valentin Hirschi, ETHZ NLO QCD+EW automation 23.08.2018



COMPLETE NLO QCD+EW AUTOMATION
[ Frederix, Frixione, VH, Pagani, Shao '18 ]

» Subleading EWV corrections can matter.

pp —tt

pp — ttZ

pp —ttW

pp — ttH

pp — tt]

LO;
LO;
LOs3
LOy4
NLO,
NLO2
NLOj
NLOg4
NLOs

4.3803+0.0005 - 102 pb  5.0463+0.0003 - 10~ pb

+0.405 £ 0.001 %
+0.630 £ 0.001 %

+46.164 + 0.022 %
—1.075 £ 0.003 %
+0.552 + 0.002 %
+0.005 £ 0.000 %

—0.691 £+ 0.001 %
+2.259 £+ 0.001 %

+44.809 + 0.028 %
—0.846 £ 0.004 %
+0.845 + 0.003 %
—0.082 £ 0.000 %

2.41164+0.0001-10~! pb  3.448340.0003 - 10~ pb

+0.000 £ 0.000 %
+0.962 + 0.000 %

+49.504 £+ 0.015 %
—4.541 £+ 0.003 %
+12.242 £ 0.014 %
+0.017 = 0.003 %

+0.406 £+ 0.001 %
+0.702 £ 0.001 %

+28.847 + 0.020 %
+1.794 £+ 0.005 %
+0.483 £ 0.008 %
+0.044 £+ 0.000 %

3.0278 £0.0003 - 102 pb

+0.525 + 0.001 %
+1.208 £+ 0.001 %
+0.006 &+ 0.000 %
+26.571 + 0.063 %
—1.971 £0.022 %
+0.292 + 0.007 %
+0.009 £ 0.000 %
+0.005 £ 0.000 %

(Monte-Carlo statistical error reported in the above chart)
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COMPLEX MASS SCHEME

A. Denner, S.Dittmaier, M.Roth, L.Wieder [ hep-ph/9904472 , hep-ph/0505042]
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COMPLEX MASS SCHEME

A. Denner, S.Dittmaier, M.Roth, L.Wieder [ hep-ph/9904472 , hep-ph/0505042]

» Complex mass scheme to handle unstable particle resonances

| p+ M Mems = VM2 —iTM P+ Mems
) = = > 1
p2 — M? -+ 11" M p2 — mgms

» The CM scheme is a modification of the OS scheme.

Yr(p%) = Zu(p?) — IM? + (p* — M?)6Z

e [ER(p2)] |p2=M2 = 0, 8

. 1 9 »

A e RIER()] =1, :

_ _ 3

R[Er(® =M =0 =  M?=R[Sy(@p?=M?) o
R[(ER(@*=M?)] =0 = §Z=-R[Zp@°=M?)
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COMPLEX MASS SCHEME

A. Denner, S.Dittmaier, M.Roth, L.Wieder [ hep-ph/9904472 , hep-ph/0505042]

M? —ilTM = m? = M§ — ém*.
Yr(p?) = Bu(p?®) — om?* + (p° — m?)d2
2

Yr(p® = M? —iT'M) =0 — om? = Sy (p? = M? —iT'M)
Sr(p? = M? —iTM) =0 — 6z = =X (p® = M? — iT' M)

WIBYDS D

F[m?) = —TM = —3[dm?] = —S[Zuy(p? = M? —iTM)]

» The CM scheme re-organises the perturbative expansion:
(m2 + 5m2) — (]\42 + 5M2) =
- (]\7./2 —iTM + Sy(p? = M2 — z’FM)) _ (M2 + R[Sy (p? = M?)

N—
|

(M2 _ M2) + (ZU(p2 = M2 — iTM) — iT M — R [Sy(p® = M?)] )
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TESTING THE COMPLEX MASS SCHEME

Automated CM scheme check for processu d > e* Ve ¥

Default check: Ti() = & I} Q(o=1) —
I'(0) = (o+0?) I;V(a=1) - -

['(0) = (@+1002) I (o=1) ----

[i(0) = 0.99 x a [, V(a=1) —

(o) = 1.01 x o T, V(a=1) —

130

log,. —>log,, — ...,

1o
14
1=
(<)
O
--------- 3 Z
3 ‘Ul
1
1<
Q
-1 ©
107 13
1%
1=
L l L 1 L I L 1 1 1 1 1 1 1 1 [ 1
10! F | ?
F Miscancellation offsets 3

109 b
01

A
(0) (0)
A = lim Mem = My = lim 6O ()
A—0 /\M(O) iy A—0 . .
a=Ao M2 ({or}) = ML)
M(l) _I_M(O) —M(l) IC) (=0}
AL = lim ZW = lim 6(Y(\)
A—0 22 M(O) - A—0
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ANALYTIC CONTINUATION OF THE BUBBLE

) Example: EWV (MW —il'w Mw) D By (P 0, My, — ZFWMW) ‘pzﬁmg‘/_ifWMW

» Exact result:

—BO (p*,0, My, — erMW)\

7/7T p2—)Ma/—ifwa

2

1 7
— _ ) | _
, Tatios M2, — Ty My

» The Taylor expansion Is not correct in this case:
— By (p2707 MI%V _ ZFWMW) = By (MI%V) 0, MI%V — ZFWMW)
2 _ g2 2 _ A2\ 2
p*—M y y = p*—M
+< T W)B{) (Myy,0, My, — iTw My ) + O (( Ve W) )
%4 W

Taylor lead to ( p* — M%, — iTw My ):

— E’YW (MW — erMw) Z%Igi(l) (MIgV — waMw) :
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ANALYTIC CONTINUATION: GENERAL CASE

1

1 p? —i0 vi — 1
—5 Bo(p®, i1, p3) = — +2—log o > {%-log log (i — 1)

) L
o \ 1OV 70 I p?  p2
—
M2/M? M2/M? Ty/M, DafMs
A 0.5 1 0.1 0.1 ‘ ( ( |
B 1.88 1 0.1 0.1 z 0 '\
C 28 1 01 0.1 I D
D 4.2 1 0.1 0.1 | T E
E 5.9 2 0.8 0.1 1} ' i
s I‘I lllllll o 1
Re(v5-4v1)
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ANALYTIC CONTINUATION: GENERAL CASE

3 e rorrTT o RARRREERR) L ARAALE rerrT [ [T o RARRRRREL
i v ! Trajectory — 7

- | | Endpoints -- ]|
Taylor Expansion (2) ---
Taylor Expansion (100) -

Contour Integration -=-

Contour Integration (rev)

0 0.1 0203040506070809 1
Config. E) [/M
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» One cannot handle a process like pp — ZeTe™

» But what about pp — 117 ?

» Canone set I'z/i # 0 and I't = 07?7 Yes, but care is needed:

Valentin Hirschi, ETHZ NLO QCD+EW automation 23.08.2018



MIXED OS AND CM SCHEME

» One must carefully remove the absorptive part only:

» Anti-top wif renormalisation not obtained by complex conjugation!

L/R # 5ZL/R*
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How To HANDLE THE COMPLEX PHASE OF O

» In the G -scheme for example, & Is defined as:

CMS)2, ~ 7 (CMS)2 CMS)2
L(CMS.G,) _ V2G ngv (MM MXSV )
- (OS2

) — Should be complex!

» In practice the complex phase Is often irrelevant because the
matrix elements factorize |X|. But, in subleading blobs, one can have:

2

Reals:

Virtuals:
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How To HANDLE THE COMPLEX PHASE OF O

» We must set &X— || to setup IR factorization.

— This can induce gauge violations whenever sensitive to complex phase of &

— And correspondingly, a potential dependance on how one writes EW couplings.

— [t is always possible to assign a phase to G50 as to make «
real (this 1s what is effectively done in the a(Mz) scheme)

step | : (CM5Gr) — ‘((\@/W) ‘GF‘/MéCMS)Q) M{CM9)? (MéCMS)Q 3 M‘S[(;’MS)2>|
step ) - Gl = ((\@/W)MCME,GF))/MéCMS)Q) M‘%;Msm (MéCMS)Q B MéVCMS)Q)
mZ
—(Q iArg[ ]
— G/S ,u> — GLGM) e m%V(WZZ—’m%V)
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TL:DL
» Computation of all NLO QCD+EW now available in MG5 aMC.

» Complex mass-scheme s an essential component in the

computation of EW corrections. Subtelties: complex phase of
expansion parameters, analytic continuation, mixed-case with OS

scheme, ....

» QOutiook

» Use of fragmentation functions for (anti-)tagging short-
distance photons; though not necessary for leading NLO EW

» study solutions for matching mixed QCD+EW fixed order
predictions to parton showers.

» study the possibility of automatically generating UFO@NLO
BSM models surted for QCD+EW NLO predictions.
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