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uG and the SM calculations

uC looks like as an “EW collider” as much as the LHC is a “QCD collider”.

Partons of the proton at the LHC: q,q,82,Y
Partons of the muon at a uC: u, v, W, Z, v

Size of NLO QCD corrections at LHC:  ~ 10-100 %
Size of NLO EW correctionsata uC:  ~-(10-100) %

In other words, it looks like that EW is the new QCD. Is it?

In this talk | will try to discuss at which level this picture is helpful/correct or
misleading/imprecise.



uG as VV collider

2 — n + 2 processes can be described as a2 — n
convoluted with EVA (effective vector boson approx.)

K’ﬁ;‘ﬁf F Logarithmically enhanced contributions are captured.
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" T Additional power-corrections are not included.

Automated In MadGraph5_aMC@NLO and leads to
simpler computations (scale dependent).
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EW: from EVA to PDFs of the muon

Having logs from EW splittings, it is natural to think about EW PDFs and resum these logs.

EW Leading Log PDFs of the muon are available.
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Phenomenology with PDFs
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Phenomenology with EW PDFs: open questions

How do we calculate NLO EW corrections with EW PDFs?

We need EW factorisation counter-terms in order not to double-count the logs. Anyway, also with

them, current PDFs are LL-accurate. Therefore an NLO EW calculation would lead to an artificially
small scale-dependence.

Is more important resumming logs or taking into account power corrections?

Besides the case of photon initial state, it is not obvious that VBF calculated with PDFs is superior
w.r.t. exact matrix-element calculations.

How do we improve the accuracy?

—or m(X) ~ S, the muon PDF in the muon is the dominant one. We see it later in the talk.
—or m(X) < 8 answer to previous questions are crucial: estimate scale unc. and EW corrections.

Are new channels appearing without PDFs?

Should be only QCD and QED involved in the PDFs but not the Weak component?



An example: ¢ v, production
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Figure 7. Leading-order Feynman diagrams for p=u* — e v, WT.
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PDFs of the muon: QCD and QED only

- NLO Initial condition, NLL evolution.

- QCD # 0 for Q2 < 1 GeV, unlike
the cases discussed before.

-No W, Z, v PDFs.
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Uncertainties and central values at small x for this method
(an.) are very different w.rt. setting QCD # 0 for 0% < Qg

and varying 0.5 GeV < Qg <1 GeV (tr.).

NLO EW corrections do not involve Weak subtraction
counter terms when are calculated with such PDFs and NLO
accuracy for the QED component can be already achieved.
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NLO EW corrections at high energies

NLO EW corrections for energies of the order of few TeVs are as large as (or even more
than) NLO QCD corrections at the LHC. Origin: EW Sudakov logarithms.

EW corrections should be considered not only for precision physics, since they give
O(10 — 100%) effects. This includes also BSM scenarios.

putu= — X,\/s =3 TeV oncl [fb] omel [fb] dpw |0]

WtW-Z 3.330(2) - 10! 2.568(8) - 10! | —22.9(2) .
WHW-H 1.1253(5) - 10° | 0.895(2)-10° | —20.5(2) 3 TeV Muon Collider
ANA 3.598(2) - 1071 | 2.68(1)-107' | —25.5(3)

HZZ 8.199(4)-107% | 6.60(3)-1072% | —19.6(3)

HHZ 3.277(1) - 1072 | 2.451(5)-1072 | —25.2(1)

HHH 2.9699(6) - 1078 | 0.86(7) - 1078 *

WHW-WtWw- 1.484(1) - 10 0.993(6) - 10° | —33.1(4) WHIZARD

WIW~-22 1.209(1) - 10° |  0.699(7) - 10° | —42.2(6) N | |
WHW - HZ 8.754(8)- 102 | 6.05(4)-10-2 | —30.9(5) Bredt, Kilian, Reuter, Steinemeier ‘22
WHW-HH 1.058(1) - 1072 | 0.655(5) - 1072 | —38.1(4)

7227 3.114(2) - 1072 | 1.799(7) - 1073 | —42.2(2)

HZZZ 2.693(2) - 1072 | 1.766(6) - 1073 | —34.4(2)

HHZZ 9.828(7)-107% |  6.24(2)-107* | —36.5(2)

HHHZ 1.568(1) - 10~% | 1.165(4)-107* | —25.7(2)




What are EW Sudakov logarithms?

QCD: virtual and real terms are separately IR divergent (1/e poles). In physical cross
sections the contributions are combined and poles cancel.

QED: same story, but | can also regularise IR divergencies via a photon-mass 4. So 1/¢
poles — log(Q?/1%), where Q is a generic scale.

EW: with weak interactions 4 — my, M, and W and Z radiation are typically not taken
iInto account, which is anyway |IR-safe.

Theretore, at high energies EW loops induce corrections of order
—aklog"(s/ m%,)

where k is the number of loops and n < 2k. These logs are physical. Even including
the real radiation of W and Z, there is not the tull cancellation of this kind of logarithms.
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Future Colliders: are EW Sudakov logarithms a
good and robust approximation for EW
corrections at high energies?

Currently: exact NLO EW automated for SM
but not for BSM.

Since EW corrections are expected to be relevant
also for BSM, can we safely use the high-energy
Sudakov approximation?
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MadGraph5 _aMC@NLO: EW corrections for FC

NLO EW hadron colliders: Frederix, Frixione, Hirshi, DP Shao, Zaro ‘18

NLO EW €+€ — colliders: Bertone, Cacciari, Frixione, Stagnitto, Zaro, Zhao ‘22

One-loop EW Sudakov alone: pr, zaro 21

one-loop EW virtual corrections O(«)

o [Sudakov Logs @(—logk(s/m‘%,), k=1,2)+
constant term O(1) +
mass-suppressed terms @(m‘%// )]

Having separately exact NLO EW and EW Sudakov logarithms it is possible to
study the goodness of the high-energy approximation(s). SM as a test case!
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Master formula (Denner&Pozzorini)

Born amplitude: M (p1, ... o) Denner Pozzorini ‘01
One-loop EW o g
Sudakov corrections: OM"™ " (p1,. .. pn) = Mg (D1, PR) 0 i
other tree-level the logs
amplitudes
eikonal approximation of The logs inside the &' have
soft EW boson exchange always the form:
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Our revisitation:
DP zaro 21

Logs among invariants:
L ogs like log(t/s) taken
iInto account.

SDKy..x scheme:

A purely Weak (no QED)
scheme for improving
approximation of |R-finite
physical observables.

Different to the more
common SDK, scheme

that has been used In the
literature.



How large are expected to be the EW Sudakov?
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NLO EW: some open questions/issues

Resummation?
When is it necessary to resum EW (Sudakov) corrections?

BSM?
What features of NLO EW corrections are universal and can be extended to
the BSM case”?

Heavy Boson Radiation (HBR)?
What should one do with Z,W radiation”? Experimental set-up may impact
the calculation result.

15
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Direct production at high energy

,u+//t_ — [, where F'is a generic final state

We select direct production, w
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PDFEFs other
t

We apply further experimentally motivated cuts for each X, Y

particle in F-

pAX) > 100 GeV.

|1n(X)| <2.44, AR(X,Y) > 04

And we recombine photons with charged (also massive)

particles.

Han, Ma, Xie 20, 21
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o per bin [pb]
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1t ==
R
_I_I—-_._ ]
200 500 1000

pr(t) [GeV]

I
For smaller pr, larger
corrections.

Sudakov (in the
SDK, ..k scheme)
capture NLO EW
corrections up to
the % level.

It double logs are
written in the form

log*(s/mg), the
shapes observed

here are all arising
from single logs.
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o per bin [pb]
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Ma, DP Zaro ‘ 24
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o per bin [pb]

200

Exponentiation as an
approximation of proper
resummation.

Unlike ZZ, for tt also at
10 TeV resummation is
necessary only for
precision.
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What about extra radiation of Z (and H)?

We know that unlike QCD In virtual+real there Is not the exact cancellation of
logarithms.

But a cancellation is still present, how much large”?

s it really Heavy-Boson-Radiation (HBR) leading to O(1) corrections?

s the new QCD,
but it is not exactly as the QCD!

21



o per bin [pb]

Small effects from Z and H radiation, especially in the bulk: p(f) ~ \KS /2
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Small effects from Z and H radiation, especially in the bulk: p(W) ~ \/3’ /2

o per bin [pb)]
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It is a general pattern: radiation of heavy bosons is less important than loops!
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o per bin [pb]
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Sudakov may completely fail: ZifH{H
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NLO EW corrections are
flat.

Sudakov logarithms work
very well at low pt and
very bad at high pt.
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o per bin [pb]

— ONLO

Sudakov may completely fail: ZifH{H
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For High pt of the Z boson,
the two Higgs can have
very small AR and so small
m(HH), recoiling against
the Z.

In that configuration,
formally mass suppressed
V

terms ~ can

m(HH,)
become numerically
sizeable, and the DP
algorithm fails.

25

Ma, DF Zaro ‘24

500

m(HH

1000
) |GeV]

2000




EW Sudakov and SMEFT

NLO EW for SMEFT is challenging, Sudakov approximation would simplity the
calculation and allow for dominant effects.

J(4-n)/2 The Denner-Pozzorini algorithm work only for non-mass

M A2 suppressed amplitude at LO = no powers of MW/\/§ ~ V/\/TS’

Often in the SMEFT a vev is appearing in the Feynman rules leading at dim=6 to

p g(3—n)/2 M g(4—n)/2 M v2g(2—n)/2 M2 g(4—n)/2
M x A2 X % X A2 X A2 X T X A2

This is clearly a limitation and indicates that the exact NLO EW is necessary also for
SMEFT. However this limitation applies to those processes which are not maximally
growmg with the energy and so have less sensitivity on possible BSM dynamics.

El Faham, Mimasu, DF Severi
Vryonidou, Zaro 24
26



1075¢

EW Sudakov and SMEFT: 1t

-our-Fermion operators are considered in the study.
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K-factors can be different in SM and BSM!
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Both QCD (exact) and

-W

(Sudakov )corrections are
different for SM, SM-SMEF]

iNnterfere
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nce, and SME

lons of dim-0.

— [ A2

QCD and EW cancel each
other: both are important.
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CONCLUSION

The high-energy Muon Collider can be seen as a VV collider.

PDFs of the muon are available both including Weak effects at LL or without them at
NLL. Dedicated studies with comparisons with ME are necessary.

—W corrections are mandatory for phenomenology at a muon collider colliders, especially
for high energies. Not only for the SM also for BSM!

Sudakov logs are the dominant contribution of EW corrections at high energy and they are
a good approximation of them, but only under certain conditions.

Heavy-Boson Radiation has an impact, but not always so large and typically smaller
than the virtual contributions.

Resummation may be mandatory for sensible results in many configurations and in
general for precision.

Effects observed in the SM may be different with BSM (see SMEFT example). Still, EW
corrections are important and dedicated studies are necessary,

28
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Calculation set up for showcasing some results

uu- —> X, where X is a generic final state involving
W.Z, t, H, . Thus direct production, no VBF considered.

ISR Treatment: we use the LL PDF for the muon only

exp (3 4 — _ 1 . P
T1o(z) = p(Fﬁ(SlY/—I—ﬁW)EBE) Be(l—2)" 7! = ZBu(1+2) + O(a?) Bertone, Cacciari, Frixione,
b Stagnitto, Zaro, Zhao ‘22
e Beta scheme:
5E — BS — BH — 625- L0150 ete — tt, 500 GeV L0150 ete™ — tt, pure QED, 500 GeV

e FKta scheme:

-0or precision physics the scheme adopted and the NLL accuracy
(Frixione, Stagnitto '23) are mandatory.
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o per bin [pb]

Ox — ONLO EW
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DP zaro 21

Orange: NLO EW, (dotted: NLO EW no y PDF)
Green = SDK,,, Red = SDK

weak

Dashed: standard approach for amplitudes.

Solid: our formulation (more angular information)

Only the SDK,.,, approach correctly

Reference Prediction:

captures the NLO EW prediction.

Solid and dashed very similar.

Photon PDF cannot be ignored.
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Larger invariant -> larger correction

AR, 07) > 0.5.



/// production at 100 TeV FCC-hh

107>
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pr(Z;) > 1 TeV, n(Z;)| < 2.5, m(Zi, Z;) > 1 TeV, AR(Z;, Z;) > 0.5.

Orange: NLO EW, (dotted: NLO EW no y PDF)
Green = SDK,, Red = SDK ..«

Dashed: standard approach for amplitudes.
Solid: our formulation (more angular information)

Reference Prediction:

SDK, ... and SDK, not so relevant for neutral
final state).

Only the solid lines, having more angular
information, correctly capture NLO EW.

One cannot forget terms as logz[mz(Zz, Z,)/s]

Larger invariant -> larger correction
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Derivation of LSC and SSC

k
Denner&Pozzorini L(|rkl|,M2) = L(s, M2)+21(s M2)10g |7k ‘+L(|rkl|,s)
M; |7“/~cz!
[

LSC SSC

L(s) = L(s, M%) and I(s) = (s, M7,)

The relation|ry,; = 1, = sis used in all logs, unless they multiply I(s).

DF zaro 21k Our approach: in the expressions

o(pk, 1, M, My, M) L(|ri|, M?)|— 2imO (1) L(|re|, M?)

Previously omitted
imaginary term

S

’Tkl‘ M2) 227‘(‘@(7%[) (’Tkl‘ M2) =

= L(s, M?) + 2I(s, M?) <log il - iw@(rkl)) + L(|rel, s) —|2imO (rig)l(|rei), ) |=

The conceptual derivation S
relies on the assumption — My, |7k
$ = Iy, but is not actually = L(s) + 21(s) log T 21(s) <log m@(r;@) +
used in the expressions. LSC > SSC d
Therefore, further angular ... _ — N
. T . ew angular
dependencies are taken 20(M3,, M?)log -4 7 +L(|7“kz| s) —|2emO (re)l(|rxal, ) + -+ dependences via ratios
Into account. - among invariants




o per bin [pb]
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more on Z and H radiation
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o per bin [pb]

1072 | E EW jEtS
1074 : t
107> O'X(QjEW) = Ox(QV) for X = LO, NLO EW, SDKeak
106 T B
10-7 1 ﬁ:iogev ouBR(2JEW) = oLo(3V),
- - <! EW ]
10-8 ONLOgw+HBR(2JEW) = ONLOgw (2V) + oLo(3V)
: si--- ww (LO) —— ZZ (NLO) ----- 3V (LO) -
107 —— WW (NLO) ----- 2V (LO) —— 3V (NLO) (%DK
10710 T 22000 el (R0) e A (O] OuNLOgw +HBRy1o (2JEW) = 0L0(2V) (1 + ONLOgw Qweak)
04 ‘ I
0.2 ,-_-_:-:-i _______ . L STt . P T ONLOgw (BV) T OLO (4V) .
O O i o _'-_—-_:-_-_-_-_-_-_-_-:::: sooTTTTTTLL L ___-:'_-_-_-_-: : - _HI__|=I___I:_:
-0.2 ]
~0.4 \ _ 0x(2V) —oro(2V)
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It is a general pattern: radiation of heavy bosons is less important than loops!

Ma, DP Zaro ‘24
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Cross-sections: our approach.

FOR WHAT EW SUDAKOV ARE USEFUL?
For providing a very good approximation of NLO EW in the high-energy limit.

HOW SHOULD ONE PERFORM THE CALCULATION IN THE HIGH-ENERGY LIMIT?

Photons have to be always clustered with massless charged particle for IR-safety reasons. But from
an experimental point of view, at high energy also clustering tops and W bosons with photons is
very reasonable, either if you imagine to tag heavy object directly or via their massless decay products.

The QED Logs, involving s and yE (or Q2 ), cancel against their real-emission
counterparts and PDF counterterms. The only one surviving are those from tops in vacuum
polarisation for external (not tagged) photons, both in the initial and final state:

L &
SDKweak

Almost all the contributions of QEZD arze removed
(e.9. Cpw(k) = Cgw(k) — Qk, Qk = 0),

but NOT in the parameter renormalisation 5" .

DP Zaro 21
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Organisation of the logs in the algorithm

Two examples: LSC and C for fermions

1] M?2 ]
015°(k) = —= [ (B)IL(s)|— 2(I7 (k)2 . log —% 2 211(s) + Oy i QL™ (s, 0%, m3)

Z’Lk 2 ’L’Lk

Casimir for the entire

SUQ2), x U(1)y

Z’Lk

2

5 K\ 3Crevv 1 1 5 fa 5 mf— / 2 jem 2
fof, (f) 5 fe 882 ( + mR)M\%V_I_ kL M\%V (S)_I_Qfa (mf(,)

L(s)|= L(s, M) and I(s) = (s, M)

M2

)+ L ) — L )

[ (m3%) |:= ;Z(Mgv,mf) + (Mg, A) L™ (s, A%, m3) == 2l(s) log (
The ffull EW is present between s and M‘%, while only QED is present between M‘%, and A%

So the QED contribution is split between the intervals (s, M‘%,) + (M, A%). But the division at

M%, IS simply determined by convenience, in parallel with the weak case. In this case M%, IS
just a technical parameter and not a physical quantity.
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Cross-sections: standard approach in the literature

SDK,

Two examples: LSC and C for fermions

O
itz (k) = =5 | CUIL (5)| — 2(17 ()7, 5, log ==

Casimir for the entire

SUQ2), x U(1)y

3 1
0 b [ o (14500

L(s)|= L(s, M) and I(s) = (s, M)

The logarithms between M‘%, and the infrared scale are simply removed. Equivalently in the
case of DR, logarithms involving M‘%, and the IR regulator Qz.

Easy, but not very well motivated.

We will denote in the following this approach as SDK,.
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