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Open Questons
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Disclaimer: I am not a model
builder but a phenomenologist

Origin of EWSB?
Thermal History of Higgs Portal
Universe to Hidden Sectors?
Stability of Universe

N/
%

Dark matter?

N
%°*

—Xplanation for the fermion masses

% Matter-antimatter asymmetry m
%* Nature & properties of neutrinos?
2 Limitations of the Standard Model (SM)?

Snowmass 2021 US Community Study
on the Future of Particle Physic
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_Physics Landscape at Higgs Factories.
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precision reach with different assumptions on e*e"-»WW measurements

1 L/M HL-LHC S2 + LEP/SLD B ILC 250GeV B CLIC 380GeV ight shade: €=0.0° oG 4071
% L1 - 0 B Comco ZW2600ey | MILG 23000VIa806eVI500GeY [ GLIG 3006V STOVITeY | oo Toiect oo
‘0‘H|ggs COUp“ngS measured to a feW /o " M FCC-ee Z/WW/240GeV/365GeV | P(e™,e")=(70.8,40.3) P(e™,e")=(70.8, 0) o oeatl U 152 com quarke o EreLP ]
> 107"
***Self coupling with 50% precision o 0
%
1073
“*Top-quark pole mass uncertainty of 500 MeV )
h 697 o9y o9l o9 69y 69y 69w 69y 69y bgn 691z Ok, Az h
**Flavour physics observables improved by about J. De Blas et al JHEP 12 (2019) 117
one order of magnitude compared to today
** Improvement on direct Dark matter limits : : :
P An electron-positron Higgs factory 1s the
. | . highest-priority next collider. —-EUROPEAN
L X 4
« Possible surprises: STRATEGY FOR PARTICLE PHYSICS

See talks P. Janot & A.
Blonde
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https://link.springer.com/article/10.1007/JHEP12(2019)117

sible Collider

CEPCq unpolarized ® Z-pole [8 ab %]

s o— @ WWw Threshold [2.6 ab™1]
LTB: Linac to Boostgr . @240 GeV [5.6 ab 1]
I L C BTC: Booster to Collider Ring Circular Collidersg
@® Z-pole [150 ab™1]
s P1 \ FCC-eeq unpolarizedg :% '(I}'Z\r/'eﬁgo}]g_g:llQ ab™*]
c ,‘\‘\ @350 GeV [0.2 ab?]
= Super Synchrotron, S - o BTC @365 GeV [1.5 02_215]0 oV 0.6 ab-e
/ Medium-Stage Synchrotron, MSS o/ B7ez LA \ (—80%,30%).__ @350 G:V E0:13g abqu
et IP4 Rapid Cycling Synchrotron, p-RSC Proton Linac IP3 (780%, +30%) @500 GeV [1.6 ab™2]
b yy  DewqWees \— = Lepton Collid ’ ¢ @250 GeV [0.9 ab 1]
\ epton _LolLlLiders - .
- L P* (80%,-30%)q, @350 GeV [0.045 ab ]
Electrons BOOst @500 GeV [1.6 ab 1]
— er .
B @250 GeV [1 ab 1]
e SR T ILCq. (-80%,0%)q ©350 GeV [0.15 ab~*]
Ollider Ring  IP2 (780%,0%) @500 GeV [2 ab™2]
SDDC Collider Ry e ©250 GeV [1 ab 2]
.............................................................................................................................................. er Ring (80%,0%) g, 350 CoV [0.05 ab-1]
........................ L c 11de .500 Gev [2 ab—]_]
inear LolLlLiders -
® \ ® 250 GeV [2 ab™1]
unpolarizedg ©350 GeV [0.2 ab™2]

@500 GeV [4 ab™1]
@380 GeV [0.5 ab™2]

C E PC (-80%,0%)9— ®1.5 TeV [2 ab™*]
(LICg  (780%,0%)q @3 TeV [4 ab 2]

@380 GeV [0.5 ab 1]
(80%,0%).__ @®1.5 TeV [0.5 ab™ 1]
@®3 TeV [1 ab 1]

J. De Blas et al JHEP 12 (2019) 117

S 7T R /,'*f“ AR Vacuum Space for Distributed Coupling Linac

. Compact Linear Cellider {CUC) L A ")L
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https://link.springer.com/article/10.1007/JHEP12(2019)117

Theory Reqmrements o
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Observable | Where from Present (LEP) FCC stat. | FCC syst | 2%

My, [MeV] | Z linesh. [29] | 91187.5 +2.1{0.3} 0.005 0.1 ER

. | , I'; [MeV] | Z linesh. [29] | 2495.2 4+ 2.1{0.2} 0.008 0.1 2

*Factor 5-200 reduction of experimental error RZ =TTy | o(Mz) [34] |20.767 £0.025{0.012} | 6-107% | 1-1073 | 12

o0 [nb] 09.q [29] | 41.541+£0.037{0.025} | 0.1-1073 | 4.107% | 6

. ) | o N, o(Mz) [29] | 2.98440.008{0.006} | 5-10°% | 1.107% | 6

***QED effects of 0.1% could be included in LEP 2 %, 5 Z7 [35] 2.69 £0.15{0.06} | 0.8-107° | <107=* | 60

) sin? 6577 % 10 A2 [34] 23099 + 53{28} 0.3 0.5 55

error budget sin® 0537 x 10° | (P,),AB%T]29) 23159 + 41{12} 0.6 <G | o

My [MeV] ADLO [36] 80376 + 33{6} 0.5 0.3 12

o . . . e e 29] +0.020{0.001} 10 105" £03 [0 | 140
**Future colliders will deliver full LEP Statistics in I,

S.Jadach and M.Skrzypek, Eur. Phys. J.C 79, no.9, 756 (2019)

minutes
L L 'ool ] k l ]
40:_ N 2‘ dG(L L) — U 2 , E ' 2 'Gn,z,]L L
o =0 j=0
30 - OPAL _~
— ‘ 2 2
3 200 ‘. L =log — L =log —
© -
- : L Me
10 [ — ctromnit -
[ ==« QED corrected : :
S Soft Logarithms Collinear Logarithms
E_ [GeV]
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Collinear Factorization: See talks Z. Nagy, R.

Poncelet, J.
Whitehead, M. Ubiali,

2\ A 2
dde+e——>X — J'dxldXZfle(xl’ Q )dae+e——>X(x1x2S)fe—(x29 Q ) M.Lim....
2
fe+/—(xaQ ) Process independent parton distribution

function which resums collinear log

LO/LL structure function M.Skrzypek, Stanislaw Jadach Z.Phys.C 49 (1991) 577-584

NLO/NLL PDF S.Frixone et.al JHEP 03 (2020)

d&e+e__)X(X1X2S) Short distance cross-section: LO, NLO, NNLO

Exclusive Photons: Combined with a QED shower. Non-trivial for NLO

Alan Price



Perturbative Frameworks

Yenni-Frautschi-Suura Theorem:

YO y v Bk &y Ptk k)
d ete——=X — d(I) d(by S kl @ Q + | : coe ,

This formula is very familiar to many in the roonm,
for others this may new
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Perturbatlve Frameworks

YFS Theorem:

© _Y(Q) n, pik) & Pk, k)
€ 1 2\ N
do .,y = dd d®’ S(k;) O(k;, ) ,BO+ | Foeee ],
B Zo o [H - Z S(k;) Z S(k)S(ky)
YFS Form-Factor:
All order resummation Y(Q) = 2052 <«9§€ B(p;,p) + B(p;, p;, Q)) ,
of real and virtual IR i<j
divergences | i 2&9 . 200+ k 2
B(p;,p;) = — —ZZZHHJ + ,
. . 873 k2 — 2(k - pp)0;  k*+2(k - p;)0,
Gives a MC algorithm to
construct multi-photon ) i - P, p\
emissions analytically B(pi pj, 80 = 7—2,200; | d "k ok )(1 - Ok, Q) ((p-~k) (p--k)>
Exclusive photons for
free

Alan Price



GPerturbatlve Frameworks

YFS Theorem:

S el - pik) & Palks k)
d ete——X — dq) d(DyS kl @ Q + | - o..o ,
Cpre-—x ZZ) o1 e [1} : 9(k;) O(k; )] Bo Z S(k;) J.Zq S(k)S(ky)

j<k

IR finite corrections for n
real photon corrections

, virtual and n,

n

o0
~ z: S, tn
ﬂn},: ’Bn}r/ ?’
—0 Each f is individually IR finite and can be
y : : .
2 defined to arbitrary precision
1% Pj
k

%)————ZZHH
472

pik Pj- Essentially define an EW subtraction Scheme

Alan Price



_YFS Monte-Carlo Tools

See talks by Andrzej, Zbigniew, and Bennie
Process Specific:

KKMC The MC implementation of YFS has been
championed by the Krakow group lead by

YFSWW/KoralW Stanislaw

B H L U M I / B HWI D E Comput.Phys.Commun. 56 (1990) 351-384

Eur.Phys.J.C 80 (2020) 6, 499

Process Independent:

Sherpa

Alan Price



Process Independent YFS

- — ——— -

e — = = e — e P —

2

R, = |y,

LO amplitudes are full
automated within Sherpa
using internal ME tools

YFS 1s not applied to final
state colored cartons:

Cannot be 1nterleaved with
PS

A R A N U SRS RN R N NN E R SRR RV
200 400 600 800 1000 1200 1400 1600 1800 2000

Vs [GeV]

SciPost Phys. 13 (2022) 2, 026, SciPost Phys. 13 (2022) 026
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" YFS dipole subtraction |
~ term taken over all |
possible charged ;

dipoles |

} Full One-1loop
.~ amplitude, i1ncluding
IR divergence

Calculated
automatically 1n
Sherpa

Taken from one-1loop
providers e.g Recola

Alan Price



YS @NLO Vlrtual Corectln s

i@, = 7(@,) - Z D (®@,)  logm?) — ——ams)

€

ete” — ete” — T
CT‘ - I I I I I I y T‘ B I I I I I I
2 —+ V(P,) Recola d  0.000003 L —+ V(P,) Recola g
2k — ‘ |
S =+ > D;;(P;;) Sherpa O _ > D;;(P;;) Sherpa
o—e V(d,) — > D;j(dy) ] i o—e V(d,) — > D;j(dy) 1
. 0.000002 |- _
1+ _
i | 0.000001 |- _
O;— @ @ O @ @ @ @ @ @ @ @ @ @ © © ©® ©® _; 0.000000 ;_ ¢ e e e e e e e ). o) e) o) o) o) e e o) e) _;
i —0.000001 |- 7
1k —
—0.000002 |- _
—2p | | | | | | | | | | —0.000003 - | | | | | | | | | —
10710 1078 106 1074 1072 10° 102 10* 106 108 1010 10710 108 1076 10~* 1072 10° 102 10% 109 108 1010
m, [GeV] m, [GeV]

IR cancellation in action
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‘YFS @NLO Real Correctlons

" YFS dipole subtraction |
~ term taken over all |
possible charged ;
dipoles |

. Full One-Real f
~ amplitude, including '
IR divergence

Calculated Calculated
automatically with automatically 1n
Sherpa’s ME Generators Sherpa

Alan Price



YFS GNLO: Real ons

_ - S — _ . - R ) e _ . — — -
— - —= —_— — e ——— _— = — = — = —— — e = —— e e e —

0l : _ 20
e o B ®k) = R (D) =5 (@) ) S
@;E 10_ /,‘,,‘ _ -
glo—lé— /'/... _
= ‘.,‘/‘ i
1072F 7 3 00
k=0, R (D) @A) (D,) ), Sk
10—3;— s ) ? n+1 0 n l]( )
f »7 7
10‘45— ",/'/ _ l.]
10‘5% //'// —
; re . . :
10 7 ; IR finite and numerically
ol ,./'/ § stable for soft emissions
Y P
E, [GeV]
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YFS@NNLO?

Bottle neck for NNLO implementation is two-loop amplitudes

Have to take it process by process

N/ _// //

/S S S S/ VAV AR Va4
/IS S /S S S S S

—_— = — S

\ [/ N _N/___//_/ /_/

Test Process eTe™ — u ™ at 91.2GeV

version 1.0

Lisong Chen and Ayres Freitas
https://arxiv.org/abs/2211.16272

Born YFS LO YFS NLO YFS NNLO

2114.5 pb 1463.09 pb 1494.7(8) pb 1497.5(7) pb GRIFFIN: A C++ library for EW

radiative corrections 2211.16272

Developed by A. Freitas and L.Chen
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https://arxiv.org/abs/2211.16272

YFS Valication

ete” - WW~ — et .u v, ete” — utum + Ny
o o I -

—0.25p | | | = ' ——— T T T T T
=" =3l — KKMC
10°F s
@) o) - ]
. — Sherpa
0.20 I
! I — DBormn
_ 102} -
0.15} _
- 11 _
0.10 107
0.05 100:_ .
1.10 L.odpr—+—r——t———
105 1002 -
S - S A ]
ast i - o : :
0.95- - 0.998 u
- T T T T T 1 1 I N R N T T
0.90 200 250 300 350 100 150 500 0990 00150 200 250 300 350 400 450 500
Vs |GeV] Vs |GeV]
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YFS forhie

ee” — Hymy~ 250 GeV

ete” — | Scheme LO YFS YFSgw OEW — U30F vy O E
% : EW 1 e
G, 240.280(2) 213.80(6) 207.48(6) -13.65% S (95 —— YFS =
HZ SN - —— DBom | @
a(M%) 253.002(2) 223.29(7) 202.98(6) -19.77% 3 |5 020
sotMz) | 5.03% -425% 2.22% =% 0150 ‘ ‘ :
G, 7.8554(4)  6.911(2)  6.666(2) -15.13% 010
Hutp~ 10 |
a(Mz) || 8.4875(5)  7.401(3)  6.444(2) -24.07% 0.05_'_;,_l_
SoMa) || 745%  -6.62%  3.45% 0.0 ;
_— e ' - : : : ‘ : : : ‘ : : : ‘ : : : ‘ : : 1
G, 7.8376(5)  6.933(2)  6.696(2) -14.56% 12 e
a(M2) | 8.4682(5)  7.429(3)  6.485(2) -23.41% = 0 AR — 0.0
p 2 e : ‘ | : : : | : : : | : | : : —
oD |l T45%  -6.67%  3.26% 2 |
G, 15.5300(1) 13.808(4) 13.501(5) -13.06% 210 — Z N -
HV[J,D[J, 9§ | | | } | } — } } =
a(M2) || 16.7796(7) 14.804(5) 13.132(4) -21.74% o
a(M?2 % 1.0 — ——
SoMB) N 745%  -673%  2.81% . L
G, 15.5300(1)  13.808(4) 13.501(5) -13.06% 15 —— — | :
HV—;-DT 4% 1.0 e —
a(M2) | 16.7796(7) 14.804(5) 13.132(4) -21.74% = AR08 1
a(M?2) o8t . . . /mTmTe
b Z -7.45% -6.73% 2.81% 86 88 90 02 94 96
MZ [GGV]
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YFS forhie

ete” — | Scheme LO YFS YFSgw OEW
G, | 240.280(2) 213.80(6) 207.48(6) -13.65%
HZ
a(M2) || 253.002(2) 223.29(7) 202.98(6) -19.77%
2
sotMz) | 5.03% -425% 2.22%
G, 7.8554(4)  6.911(2)  6.666(2) -15.13%
Hyptp~
a(M2) | 8.4875(5)  7.401(3)  6.444(2) -24.07%
salMD) Il 7a5%  -6.62%  3.45%
e
G, 7.8376(5)  6.933(2)  6.696(2) -14.56%
Hrtr~
(M2 8.4682(5)  7.429(3)  6.485(2) -23.41%
o 2
oM | 745%  -6.67%  3.26%
G, 15.5300(1)  13.808(4) 13.501(5) -13.06%
Hv,p,
a(M2) || 16.7796(7) 14.804(5) 13.132(4) -21.74%
. 12
soMD N ra5%  -6.73%  2.81%
G, 15.5300(1)  13.808(4) 13.501(5) -13.06%
Hy. v,
a(M2) || 16.7796(7) 14.804(5) 13.132(4) -21.74%
. r2
soMD) |l ras%  -6.73%  2.81%
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0.05

0.00}
1.004}

2 i
= 1.0007
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0.996}
1.004}

1.000¢

0.996]
1.004;

1.000¢
0.996

10

Rat

10

Rat

1.004

@)

= 1.000F
Cd |
0.996
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'YFS for the Muon Magnetic Moment
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See talk by J.Gluza

ﬁo ° ° ° ° °
< | ?> Uncertainty 1n SM prediction of’aﬁ 1S
B e or acreme Fe'"‘('.",ggg)”” dominated by hadronic contributions
< 510 >
+ —e—t
SM: e+e- HVP World Average
T.I. White Paper (2023)
ad.LLO j
| I 0 0 I 00 7 ds—K(s)o... (s
1 H 1273  K($)01q(5)
New results in tension @
with White Paper (2020) SM: Lattice HVP
BMW Collab.
(2020)
P Can be extracted from e+e- -> hadrons
SM: e+e- HVP . .
using only CMD-3 at low energy experiments with data-
data bel 1 GeV .
am—— . driven methods.

17.5 18.0 18.5 19.0 19.5 20.0 20.5 210

a,x 10" - 1165900
This method suffers from uncertainties

White Paper [T. Aoyama et al., Phys. Rept. 887 (2020) 1-166] c:om'ing from the exper'imental error as
well a multiple hadronic resonance
present
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‘MUonE Experiment: pie — pe

e ———— e — — _——= S = S — e — ——————
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¢ Scattering muons on low Z fixed targets seems to

be optimal for extracting Aahad Abbiendi et al., EPJC 77 (2017) 3, 139
Abbiendi et al., Letter of Intent: the MUonE
% Purely t-channel process at LO project, CERN-SPSC-2019-026, SPSC-I-252
(2019)

** With M2 muon beam at CERN. we have access to
~150 GeV beam

< This will allow us to measure Aay,,q with ~ 0.3% doiga (Atygq)
accuracy in the range -0.153 <t < 0 GeVA2 doyic (Aag = 0)

2* Will require accurate Monte Carlo tools

Alan Price



JHEP 11 (2021) 098

McMULE

mule-tools.gitlab.io

Fixed-order 1integrator NNLO QED MESMER 1s a Monte Carlo event generator for
framework for 2->2 leptonic high-precision simulation of muon-electron
processes [McMule 20] scattering at low energies

Alan Price
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“Is particularly amicable to a YFS parton “a YFS approach allows to approximate the

shower” missing NNLO virtual amplitudes”

“YFS inspired..”

“within MCMULE an effort is ongoing to include a

YFS parton shower

Alan Price



YFS for MUonE Experiment

— —_ = = - = e = = = — e e P —

*** New fixed target mode a

—_— . — =

ute” — ute”

lowing Sherpa to calculate s T 5
+ + — — S 0.06 [— —— Mesmer afl=
pu—e- — u—e” for MUonE £ gE T gome 15
= 0.05 — —
*** Excellent agreement at LO with Mesmer. Predictions T e E
. o - _
correspond to setup 1IN JHEP 11 (2020) 028 0.03 - —
“* YFS certainly feasible to achieve sub-permille 001 — —
precision Bo;|||||||||||||||||||||||||||;
§1.005:_ ]
T
%0-995%— é
< L 7
P 0.99:I [ | | I N I N | [ | I N | [ 1 I:
5 10 15 20 25 30
0,- [mrad]
0 dadata(Aalla(l)
‘ LB e (A 0) U
----------------------- On d g T PRe— _—
0 From theoretical calculation measured
e
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https://link.springer.com/article/10.1007/JHEP11(2020)028

_YFS for MUonE Experiment

————— = i ——— e - —— E—
= —— —_— e e ——— — ——— = _ — = == S — = — — = — - —

§ 0,06 :_I T | I | I | I | I | LT I_:
. . = - esmer O =
** New fixed target mode allowing Sherpa to calculate £ ol — Psqherpagim E
+ — + — — aay - ]
u—e — u—e for MUonkE S corl E
I E
. T 0.03 | =|f -
** At low angles the effects of soft photon become : il :
important U E
“* The YFS corrections are comparable with state of the ] :': - G
art Fixed-Order calculations ; L1 -
E 0.9; é_ _I_l—'_= =_§
g 09 E =
% 008§ é_I = | L1 [ | | L1 [ | | L1 [ | L1 [ | | I I_g
5 10 15 20 25 30
u+e_ — l.ll+e_ LO YFSBOI‘II YFSEEX 0.~ [mrad]

SHERPA 245.034(3) 261.296(9) 256.315(8)

LO NLO NNLO

Mesmer 245.038910(1) 255.8437(5) 256.092(1)

Table 1: Total cross-sections for u=e~ — u=e~in ub.
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Conclusion

*** YFS provides a robust framework for perturbative calculation at lepton colliders

*¢* Can be combined with modern automated tools which gives hope for reaching precision goals of
future Higgs factories

¢ This work would not be possible without decades of hard work from Stanislaw and Krakow group

Alan Price
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version 1.0

Lisong Chen and Ayres Freitas
https://arxiv.org/abs/2211.16272

GRIFFIN: A C++ library for EW

radiative corrections 2211.162/72

Developed by A. Freitas and L.Chen

[

Framework for ff — Z* /yx — f'f":
m Laurent expansion about Z-pole + regular matrix element off-resonance

2
. — NfEXP,S0 noexp  j ,&XP,M7
M;; = M, + M, M, :

AN /! AN avoid double counting
@NLO

R.:.
exp,so __ 7 / _ 2 .
Mz’j O_s—io I quj+(3—50)s7;j+--- sOZMz—zMZI_Z
KI @ Stuart '91; Veltman ’'94
@NNLO @NLO

From A.Freitas

With YFS inspired Subtraction!

o 87
vy box: Byvy = B{zxt/(l) - SS)\)/ ;Qle Sir(mey, b, u),
RY 4
/}/Z bOX B’)’Z,ij(l) B,i;ozt’ij(l) _ s —Z]SO ;QGQ]" [fIR(m’y) t) u) + 5G(Sj t) U)]7
1 —cg 2m? 1
M, t,u —ln( )ln i >+—],
fIR( Y ) 1 i C [ (S 1 — Cg 2

GRIFFIN=Gauge-Resonance-In-Four-Fermion-INteraction
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