BosmoxHocTu obHapyxeHusa yetbipex-
YACTUYHBLIX GHOMASIbHBLIX KASIM6POBOYHLIX
KOHCTAHT Ha bGyAayliem mMHoOHHOM
Konsnauaepe

AnekcaHap Kucenes

HUL «Kypuatosckuu UHcTuTyT™ - UEBI

Ceccusa-kondepennus ceknuu aaepHou pusuxku OOH PAH,
MnocBAlIeHHaA 70-j1eTtuio B.A. PyGakoBa, 19 ¢peBpasist 2025 rojaa



TTnan aoknaaa

TToyemy MrOOHBI? Byaylwmm mMHOOHHBEIU Konnauaep.
dPPeKTUBHLIU JlarpaHxumaH.

AHOMANbHbLIE YYYY-KOHCTAHTLI B poXAeHUU napbl
(POTOHOB Ha MFHOOHHOM Konnauaepe.

YyBCTBUTENBHOCTD MHOOHHOTO KOnnauaepa K
KOHCTGHTAGM GHOMGASbHOTO ZYyy-B3aUMOAEUCTBUS.

3aknrovyeHue.

Ceccua-KoHdepeHUMA CeKLUmn aaepHOoIi
¢u3snku OPH PAH, 19 pespana 2025 r.



TTouemy MIOOHLI?

P.8. TUXOHUH, K 3@peKkTam Ha BCTPeYHBIX [I MESOHHBIX rlyYKax.
TTpenpuHt ONSN P2-4120. Oy6Ha, 1968.

.. byakep, Ycrkopuresrm u scrTpeyHsre riydsu. Tpyasr VII
MexayHaponHO KOH(PepeHUUU MO BLICOKOSHepreTUUECKUM YCKOpUTENaMm
3apaxeHHbIX yactul (EpesaH, 1969), Epesan 1970, 7.1, ¢.33:;

Tpyabr MexayHapoaHO KOHgepeHUUU NO (PU3UKe BLICOKUX 3Heprum
(Kuee, 1970). Oy6Ha, 1970, c.1017.

— MooHbI Mmo2ym 6bimb ycKopeHbl 00 Mynbmu-T3BHbIx
3Hep2uli 8 KOMNAKMHOM Kosbue 6e3 oepaHuvyeHull Ha
CUHXPOMPOHHOE U3ny4YeHue.

— MoOoHbI ecmb moyYyeYyHble Yyacmuybl, M0O3Momy 6cA
3Hepausa cmosnKHoseHuss bydem odocmynHa 011
poOXcOeHUs BMOPUYHbIX Yacmuy,

Ceccua-KoHdepeHUMA CeKLUmn aaepHOoIi
¢u3ukmn OPH PAH, 19 dpespansa 2025 r.



CpaBHeHMe ceyeHUM PoXKAEHUA Napbl TAXKENbIX
4YacTUL, C MacCaMu NPUMEPHO PaBHbIMU NOJIOBUHE
3HEpPrumn CTONIKHOBEHUA — ANA A4POHHOIo U
MIOOHHOTO KON/1anaepoB
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100 T3B (hh) > 14 T3B (np)

Ceccua-KoHdepeHUMA CeKLUmn aaepHOoIi
¢u3snku OPH PAH, 19 pespana 2025 r.



Cxema byayuwiero MIOOHHOro Konnamaepa
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(Muon Collider Working Group, arXiv: 1901.06150)
Pasmep okpyxHocTU (KMm): 4.5, 10, 14, 39, 200

SHeprua ctonkHoseHus (T3B): 3, 10, 14, 30, 100

UterpanbHaa ceetumocts (a6-1): 2, 20, 40, 90, 1000

Ceccua-KoHdepeHUMA CeKLUmn aaepHOoIi
¢u3snku O®H PAH, 19 pespana 2025 r.



NarpaHxuaH CtaHAGpTHOU Mopenu:
OTCYTCTBYHOT BEpLIMHBL C YeTbIPbMs
HeUTPanbHLIMU KanNUbpoBoYHbLIMU 6030HAMU

NarpaHXuaH 3¢ppeKTUBHOU Teopuu nona

dddeKkTnBHbIN JlarpaHXmnaH, cogepKawimim oneparopbl
pa3mepHOCTU 8, KOTOopble Aal0T BKa4 B aHOMaJibHble
KBagpaTUuyHble KannbposouHble KOHCTaHTbI (aQGCs)

f f fr:
Lepr =Z 24' Os,i Z ll\\/|4I Owm, Z%Oﬁ
i

OnepaTtopbl MMHMMAZIbHOW Pa3MepPHOCTU, He AaloLue BKAAA, B
aHOMaNbHble 3-4acTUUHbIe KaIMbpoBoUHble KOHCTaTHTbI (aTGCs),
— 3TO onepaTopbl pasmepHocTU 8

Ceccua-KoHdepeHUMA CeKLUmn aaepHOoIi
¢u3snku OPH PAH, 19 pespana 2025 r.



Onepartopbr, cocToslwMe LieSIMKOM U3 TeH30poB
HanNpsKeHHOCTU KanubposouHbLIX Monewu

Orp = Tr[Wu W] x Tr[W,sW],
OT’l = Tr nrcw """;#'5] b 4 TT'[”;/J.S W Cu}: s

Ory = Tr[Wo,WH| x Tr[Ws,W*,

TeH30pHbIe
Ol'lepaTOpbl OT,5 = Tr H’#u V[x"#”] X BQI;BBQ‘B,
OT;i OT,G = T'r :"'Vau [,«‘,.«’#.3 ] % B/JB Bcw :

Ory = Tr :W’O#W’”'B] % Bg, B*%,
Ors = B

pv

B#VBQBBOIS,
Org = B,,B"’Bg,B"".

MmeHHO Takue onepaTtopsl AGHOT BKNGA
B GHOMaSIbHbIE BeplUHLI YYYY u Zyyy

Ceccua-KoHdepeHUMA CeKLUmn aaepHOoIi
¢u3ukmn OPH PAH, 19 dpespansa 2025 r.



dnekrtpocnaboe HapyleHue cummeTpum

B HapyweHHOU ¢da3e JlarpaHXMaH, ONUCbIBAIOLLNMA
B3aMmopgencTBme yyyy, BbipaXKkaetcsa yepes aBa
onepaTtopa PMU3NYECKMX NoSer C aHOMAIbHbIMMU
KOHCTaHTaMn g, U g,

Ly = 01(Fu JF )N F e 7)) + 92(F, F R 5 F)

KoHcTaHTbI 8,, 8, UmeloT pasmepHocTb (-4).
OHM ecTb INHENHbIe KOMBMHAUUUN KOHCTAHT
ncxogHoro Jlarpanxkuana f /A*(i=0,1, .. 9)

Ceccua-KoHdepeHUMA CeKLUmn aaepHOoIi
¢u3snku OPH PAH, 19 pespana 2025 r.



Bo3moxHbIe UCTOUYHUKU QHOMATBLHOTO
4 -(POTOHHOrO B3AUMOAEUCTBUA

HoBble 3apAXXeHHble YacTUubl

g~Q*m*
TTpumep: napTtHep TON-KBApKA
X
HoBble HeUTpanbHbie YacTULbl jjjJ/
g ~ f'z m-Z f—l

TTpumep: KK-rpasutoHsr 8 moaenu RS
C AONONHUTENbHOU Pa3MepHOCTbHO

Ecrm fi ~ 1T3B u my ~ Heckonbko T3B,
nonyuyaem oueHky: g~ 102-101 T3B-4

Ceccua-KoHdepeHUMA CeKLUmn aaepHOoIi
¢u3snku O®H PAH, 19 pespana 2025 r.



PoxaeHue napbl (POTOHOBR B U+l- pacceaHuuU
NnyTem CNUAHUA BEKTOPHBLIX HEUTPANbHLIX
6030HOB

Vi,=V,Z

’

Ceccua-KoHdepeHUMA CeKLUmn aaepHOoIi
¢u3ukmn OPH PAH, 19 dpespansa 2025 r.
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AnddepeHumnanbHoe ceyeHune
npouecca (- = W\t yy M-

Tmax Imud ‘ -
do = /dr/ = Zf\,,,ﬁ Q) fv. wu-(T/2, Q%) do(ViVa — v7)

Tmm -rmm

2
m m P
. _ H — H N , P A I
Tmax — 1 — B’ Tmax — (1 = _) i T, =T Tomax » Tinin = E

E,

[T

fy.(x,Q%) ectb pacnpepeneHmne BektopHoro 603oHa
V ¢ poneii sHeprum x = E\/E, B MIOOHHOM nyuKe, rae
nonoxeHo Q? = st

Ceccua-KoHdepeHUMA CeKLUmn aaepHOoIi
¢u3snku OPH PAH, 19 pespana 2025 r.
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PacnpepeneHue ¢potoHoB B pepmuoHe f
(npnbnunkeHue skBUBaNIEHTHbIX POTOHOB)

9 0 (8] 1 1 —k 2 -
Frass@ @) = s, @) = L2HCZT &

I T ;"

PacnpeaeneHune nonAapmnsoBaHHbIX Z 6030HOB
(rnaBHOEe norapupmunueckoe npubaunxeHume)

o az (g Fa) 4+ (g a2 -1)?, @
fze05(z,Q7) = In—=-.
B A7 T msz
f2 2 -
on a7z [(gv)° + (g3)7](1 —x)
YAy ‘I"Q ‘..- — - b)
[70/¢(z, Q%) - . .
Ceccua-KoHdpepeHuma ceKumum aaepHom 12

¢u3ukmn OPH PAH, 19 dpespansa 2025 r.



AnddepeHumnanbHoe ceueHme npouecca V,V,- yy

. 1 | <
\ Bl Naoha

HeHyneBble cnupanbHble amnaAnTyabl ANA
npouecca pacceasHna yy = yy c A, = +1

(491 + 392) &2

Myiii(s,t,u) = 5

M., _(s,tu)= (491 2+ 92) (s +t2 +u?),
My (60— 2 ;392) u?

Ceccua-KoHdpepeHuma ceKumum aaepHom

¢u3snku OPH PAH, 19 pespana 2025 r. 13
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(Amarkhail, Inan & A.K., NPB 1005, 116592 (2024))
O6nacT aHOMA/IbHbIX KOHCTAHT g, U 8,, KOTOpPbl€ MOXXHO UCKNIOYUTDL B
npouecce pacceaHua W' - p*yy B HA MIOOHHOM Konnaﬁp,epe C

AOCTOBEPHOCTbIO 95% . IHeprua ctonkHoseHnA 14 TaB, uHTerpanbHasn
ceseTumocTtb £ = 20 a61. Cuctrematnueckana owmnbka é6: 0%, 5% u 10%.

PasmepHOCTb KOHCTAHT TaB™.

Ceccua-KoHdepeHUMA CeKLUmn aaepHOoIi
¢u3ukmn OPH PAH, 19 dpespansa 2025 r.
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JKCNEepUMeHTanNbHbIE OrpaHUYeHUA U
(peHoMeHOoNnoruveckue oueHku Ha aQ6Cs

CMS & TOTEM (13 ToB):
|g8,] <2.9¢10! TaB* (g,=0)
|g,] <6.00101 TaB* (g, =0)

HL-LHC (14 T3B, 3 a6'1): FCC-hh (100 T3B, 3 a6):
8, (8,) < 110 ToB™ g, (g,) < 2010 TaB*

Ceccua-KoHdpepeHuma ceKumum aaepHom

¢u3ukmn OPH PAH, 19 dpespansa 2025 r. 15



AHOMAnNbHOE B3aumMoaeucTeume Zyyy

CBA3b KOHCTaHT {, {, ¢ KoHcTaHTamu f; /A? ucxogHoro
JNlarpaHkuaHa (6e3 aneKkTpocnaboro HapyweHusn)

¢ Cﬁ' Sw CwS i

(1= 37 [frs+ fre —4frs] + X [fro+ frai— frs— frel .
3 3

o C, S Cn S,

Ca = l.‘,\,,u [frz—4fro] + ':\4"' [fra— fra] -

Ceccua-KoHdpepeHuma ceKumum aaepHom

¢u3snku OPH PAH, 19 pespana 2025 r. 16



Hawwu orpaHnyeHmAa Ha aHOMaJ/JibHblié KOHCTAaHTDI

(Amarkhail, Inan & A.K., JPG 52, 015001 (2025))

3 TeV 14 TeV 100 TeV

5—=0% |306x102|9068x107° 507 x 10"

Ifro /A8, TeV* || 6=5% |365x1072|1.78 x 10~* | 1.48 x 1077
§=10% | 4.51 x 1072 | 248 x 10~ | 2.04 x 107

5—=0% |306x102|068x105 |507x10°

|fra /MY, TeV4 || 6=5% |365x1072|1.78 x 10~* | 1.48 x 1077
§=10% | 451 x 1072 | 248 x 10~ | 2.04 x 107

5=0% |223x10 T |7.05x10 7 |3.70x 107

|fro /MY, TeV4 || 6=5% |265x10~!|1.65x10-3 | 1.10 x 10-6
§=10% | 3.30 x 10~ | 1.80 x 10-3 | 1.49 x 106

53—=0% |429x102[136x10 7| 711 x10°

|frse /MY, TeV4 || 6=5% |512x1072|2.49 x 104 | 2.08 x 107
§=10% | 6.33x 102 | 347 x 10 | 2.87 x 107

53—=0% |8SO8x102|284x107|140x10 "

|fr JAY], TeV4 || 6=5% | 1.07x 107 | 6.63 x 10~* | 442 x 1077
§=10% | 1.33x 107! [ 7.24 x 10~* | 5.98 x 107

5=0% |765x103|242x10° |127x10°°

|frs /MY, TeV4 || 6=5% |9.12x 1073 | 4.44 x 10~° | 3.70 x 1078
§=10% | 1.13x 1072 | 6.19 x 105 | 5.12 x 10~®

5=0% | 1.6x102 | 5.06x 105 | 2.65 x 10°

\fro/AY, TeV* || 6=5% | 1.9x10"2 | 1.18 x 10~* | 7.88 x 1078
§=10% | 237 x 1072 | 1.20 x 10~ | 1.07 x 107

Ceccua-KoHdepeHUMA CeKLUmn aaepHOoIi
¢u3ukmn OPH PAH, 19 dpespansa 2025 r.




OrpaHnyeHnA Ha aHOMaA/IbHble KOHCTAHTbI
nony4vyeHHblie Ha BAK npu saHeprun 13 TaB

(ATLAS Collaboration, JHEP 06, 082 (2023)

Coefficient Observed limit [TeV—*] Expected limit [TeV—*]
fro/A* —9.4,8.4] x 102 —1.8,1.9] %10~
frs/A* —8.8,9.9] x 102 —1.2,1.3] x 107! :
frs/A® —5.9,5.9] x 10-2 —8.1,8.0] x 10-2 Em:;:
fro/A* —1.3,1.3] % 102 —1.7,1.7 %102 &
faro/ A —4.6,4.6 —6.2,6.2]
fan/A? —7.7,7.] —1.0,1.0] x 10
fara/A* —1.9,1.9] —2.6,2.6)

Ceccua-KoHdepeHUMA CeKLUmn aaepHOoIi
¢u3ukmn OPH PAH, 19 dpespansa 2025 r.
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3aknroveHue

N3yyeHbr BO3MOXHOCTU byAyLiero MHOOHHOro
Konnauaepa No NOUCKY GHOMANMbHLIX KOHCTAHT
YYYY U Zyyy B3aUMOAEUCTBUSA B POXAEHUU NapbI
(POTOHOB.

TTonyJyeHbr npepesnst Ha KOHCTAHTLI, KOTOpbIe
MOryT 6bITb AOCTUIHYTLHI B 3TOM Npoliecce.

Ona sHepruu 14 T3B orpaHuyeHua ana yyyy
KOHCTAHT UMeloT BuA: g, = 2.2¢10-2 TaB-4(g, =0),
g,= 4.6010-° T3B-4 (g, = 0).

HdaHHbIe orpaHuYeHUus Ha HeCKOSbKO MOpPSAKOB
6onee xecTkue, Yem umerolmecs npeackasaHus
ans konnavaepa HL-LHC ¢ uHTerpansHou

cseTuMocTblo £=3 a6-!.

Ceccua-KoHdpepeHuma ceKumum aaepHom

¢u3snku OPH PAH, 19 pespana 2025 r. 19



HanaeHbr 3HauyeHUs KOHCTAHT AHOMANbHOrO
YYYZ-B3aUMOAEUCTBUSA, KOTOpbIe MOTryT 6bITb
UsMepeHbl Ha MHOOHHOM Konnauaepe.Tak, Ans
3Heprum 14 TaB umeem: {; =3.1¢10-5 TaB-4,
{,= 6.5¢10-° T3B-4.

HaHHere ¢ LHC (ATLAS): npeaenst Ha
KOHCTAHTLI cnabee Ha HECKOMbKO MOPAAKOB.
TTpeackasaHua ana HL-LHC: 2.1 ¢10-! TaB-4;
ana HE-LHC c 3Hepruein 27 T3B u £=15 a6-!:
2.8102 TeV-4,

TTonyuyeHHbIEe pesynbTaThl roBOpAT O 6onbwom

noTeHumane 6yayluero MHOOHHOro konnauaepa
NO NMOUCKY (PU3UKU 3a npedenamu CM.

Ceccua-KoHdpepeHuma ceKumum aaepHom

¢u3snku OPH PAH, 19 pespana 2025 r. 20



Crmacn0o 3a
BHUMaHUue!

Ceccua-KoHdepeHUMA CeKLUmn aaepHOoIi
dusnKun O®H PAH, 19 ¢eBpana 2025 r.
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Back-up slides

Ceccua-KoHdepeHUMA CeKLUmn aaepHOoIi
¢u3snku O®H PAH, 19 pespana 2025 r.
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The target integrated luminosity is obtained
by considering the cross-section of a typical 2 — 2 scat-
tering processes mediated by the electroweak interactions,
o ~ 1fb- (10 TeV)?/EZ, . In order to measure such cross-
sections with good (percent-level) precision and to exploit
them as powerful probes of short distance physics, around
ten thousand events are needed. The corresponding integrated
luminosity is

s )2
r = 10ab~!
At = U8 (lOTeV

Ceccua-KoHdepeHUMA CeKLUmn aaepHOoIi
¢u3ukmn OPH PAH, 19 dpespansa 2025 r.
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100 TeV muon collider based on FCC complex

100 TeV pu collider FCC-up with FCC-hh PSI u* production

FCC-hh PSI ring laser excitation
for p productiop SPS-pup
(fast ramping

u (~20 MeV) from 20 to 450 GeV)

“gammas”’

i proguction
. LHC-pp

acceleration
(pulsed)

to ~20 GeV

(50450 TeV)

p-y collision - pion beam - decay into muons

Ceccua-KoHdepeHUMA CeKLUmn aaepHOoIi
¢u3snku OPH PAH, 19 pespana 2025 r.
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do/dm,_ (b/GeV )

Vs=3TaV

Vs =14TeV

Vs=100TaV

Torsd; g, =1x10 " GaV *, g,=0
Totsd; g, = 0.9,=1x10" Gav

= = = “Anomdy;g,=1x10 " G/ ¥, g,=0

== TAnaomdy;g, - 0.9, =1 %107 GeV 4

— o

Tcﬁ;g|~'|x]0 5 GaV ‘,g:—(l
Totadl; g, = 0,9, =1x10" GV
=== “Anomdy;g, =1 x10 " G 4, g,=0

T T T ThAnomaly:g,=0,g,=1x10" Gev

Tad; g, =1x10 7 GeV *, g, =0

Tas:g, =0.g,=1x10" Gav *
=== " Anamaly;g, =1x10 V GeV 4, g, =0
T T T Anomaly;g,=0,g,= =107 Gav 4

—

=1 - > 1 1 LI PR BN < 1 T |
05 10 156 20 2 4 6 20 40 60
m_ (TeV) m, (TeV) m, (TeV)

Differential cross sections for p+pu- - p+ yy p-
scattering at future muon collider vs. diphoton
invariant mass m,,. The center-of-mass energy
is equal to 3 TeV, 14 TeV, and 100 TeV.

Ceccua-KoHdepeHUMA CeKLUmn aaepHOoIi 25
¢u3snku OPH PAH, 19 pespana 2025 r.



Vs= 14 TeV

Vs=3TeV

¥s = 100 TaV

Toa; g, =1x10 "' Gev *. g,=0

Tots;g,=1x10 " GeV *, g,=0 Total; g, =110 " GaV *, g,=0

Totdd; g, = 0,9, =1x10" GeV * Totsd; g, = 0,9, =1x10" GeV * Totad; g, ~ 0,9, = 12107 Gav *
== = "Ancmay;g,=1x10"" Gev ™, g,=0 =TT CAnomaly;: g, = 12107 Gev . g,=0 =TTt Anomay; g, =1x107" Gev . g,=0

~ T T “Anamaly;g, - 0.g,~ L x107" Gev = T T TAnomaly:g, -0,g,=1x10"" Gev =T T TAnomaly; g, -0,g,=1x10"" G/

e E— —

= - o 1 L PR R S A | =t o T
05 10 15 20 2 4 6 8 20 40 60
M, i (TeV) m, . (TeV) M. e (TEV)
Total cross sections for p+p- - p+ yy K- scattering
at future muon collider vs. minimal value of
diphoton invariant mass m . The center-of-mass

energy is equal to 3 TeV, 14 TeV, and 100 TeV.

Ceccua-KoHdpepeHuma ceKumum aaepHom

¢u3snku OPH PAH, 19 pespana 2025 r. 26



0.04}
6=0%
0.02r
% omﬁ_ m, > 0.5 TeV
—0.02:
| 1(6=10%

-0.03 -0.02 -0.01 000 001 002 0.03
g,(TeV“)

(Amarkhail, Inan & A.K., NPB 1005, 116592 (2024))

Obnact aHoOManbHbIX KOHCTAHT 8,, 8,, KOTOPble MOYKHO UCK/TIOUYUTb B
npouecce pacceaHUa p+p- = B+ Yy y - HQ MIOOHHOM Koalaaepe ¢
AOCTOBEPHOCTbIO 95% . DHeprua cronkHoseHuA 3 TaB, nHTerpanbHan
ceeTumocTb 1 abl. CucremaTtnueckas owmnbKa pasHa 0%, 5% n 10%.
PasamepHOCTb KOHCTAHT TaB™.

Ceccua-KoHdepeHUMA CeKLUmn aaepHOoIi
¢u3ukmn OPH PAH, 19 dpespansa 2025 r.
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Unitarity bounds on anomalous couplings

Partial-wave expansion in c.m.s.

(Jacob & Wick Ann. Phys. 7, 404 (1959))

.'\-’I,\MQ)\SM(S. f, fp) = 167 2(2-] = = 1)\/(1 = 5)\1)\2)(1 ¥ 5&2/\4)
J
X ei(/\—u)tﬁ diu(e) TAJMQ)\:;A-:(S) ’
A=y =g, = Ag =14

Partial-wave amplitude

J
TA,A9A3A.., (s)

1
1 1 /
= - M) xorens (S, 2) di () dz
e v i

Ceccua-KoHdpepeHuma ceKumum aaepHom

¢u3ukmn OPH PAH, 19 dpespansa 2025 r. 28



Partial-wave unitarity
J
T5 a0nar, (8)] <1

===p Unitarity bounds:

g, < 2n/s?
g, < (16m/3)/s?

g,<7.8¢10-2 TeV-4 (3 TeV)
<1.6010-% TeV-4 (14 TeV)

g,<2.1¢10°! TeV-4 (3Tev)
<4.4¢10-4 TeV-4 (14 TeV)

Ceccna-kKoHpepeHLUUa ceKuumn agepHom
¢u3nku OPH PAH, 19 ¢peBpana 2025 r.
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102 v

—
o
o

(fb/GeV)
3

L

do/dm
2

Vs = 100 TeV

—Total; {, = 1x10 "*GeV *,{,=0
Total; §, =0,5,=1x10""*GaV *
SM

10% Vs =3 TeV Vs =14 TeV

Total; £, =1x10"" GaV *, £, =0 Total; ¢, = 1x10 GeV ™, &, ~0
Total; ¢, =0,5,=1x10" GeV™ Total; G, =0,5,=1x10 *Gev ™
SM SM

S A
10 v 1 v 1 . 1 L 1 Ll ] v T g T Ll 1

L |
0.5 1.0 1.5 20 2 4 6 8 20 40 60
m

m,, (TeV) m,_ (TeV) «(TeV)

Differential cross sections for p+u- - g+ yy p-
scattering at future muon collider vs. diphoton
invariant mass m,, . The collision energy is equal
to 3 TeV, 14 TeV, and 100 TeV.

Ceccua-KoHdepeHUMA CeKLUmn aaepHOoIi
¢u3snku O®H PAH, 19 pespana 2025 r.

30



Vs =3 TeV Vs =14 TeV Vs =100 TeV

103 J—Tout G =1x10"" GeV =, ¢, =0 Total; £, = 1x10"" GeV *,£,=0 Total; g, =1x107" GeV =, ;=0
Total; &, =0,8,=1x10""* GeV Total; £, =0,0,=1x10"" Gev ™ - Total; £, =0,5,=1x10""* Gev
4 SM " SM "

SM
ey — e ——o ———
05 10 15 20 2 4 6 8 20 40 60
M, min (TEV) (TeV) M, o (TEV)

mn' min

Total cross sections for p+p- - p+ yy K- scattering
at future muon collider vs. minimal value of
diphoton invariant mass m . The collision energy
is equal to 3 TeV, 14 TeV, and 100 TeV.
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Exclusion significance (6 = percentage systematic error)
(Y.Zhang & J.Shen, EPJC 80, 811, 2020)

1/2
b+S+X 1 b—S+ X 1
Sevel =+2| s—Dl I —(b+s—x)|1+—
excl \/_ {s n( 7 j n( o j (b+s x)( + ﬂ

52 52h

s (b) = number of signal (background) events

x = /(5 +b)? — 45252 /(L + 52b)
In the limit 6 =0

- s<<b s _.S
Sl = 2{3 — Dbl n(1+ Eﬂ > excl = E

Sy = 1.645 is the region that
can be excluded at 95% C.L.

Ceccua-KoHdepeHUMA CeKLUmn aaepHOoIi
¢u3snku O®H PAH, 19 pespana 2025 r.

32



-----------------

~ m_. >2TeV
3 YY
% 0.00}
{ 2
N

-0.02

-0.04}

-0.06 l

-o:oa -ofoz o.Bo 0.52 o.iu
&Hi(Tev?)

(Amarkhail, Inan & A.K., JPG 52, 015001 (2025))

95% C.L. exclusion regions for couplings {,, {, for collision
H+U- = i+ vy y H- at muon collider. Systematic errors are
0% (blue ellipse), 5% (red ellipse), and 10% (green ellipse).
The collision energy is 3 TeV, integrated luminosity is 1 ab1.
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&i(Tev?)

O6nactv aHOMaNbHbIX KOHCTAHT {;, {,, KOTOPble MOXXHO UCKNIOYUTb Ha
MIOOHHOM Kolangepe € A0CTOBEPHOCTbIO 95% . DJHeprua CTONKHOBEHUSA
14 T3B, uHterpanbHasa ceeTumocTb 20 ab™l. CuctemaTuueckas ownbKa
paBHa 0%, 5% un 10%. Pa3mepHOCTb KOHCTAHT TaB™.
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Table 1: The 95% C.L. exclusion bounds on the anomalous quartic couplings
(; and (o, with the integrated luminosity of 1 ab~!, 20 ab~!, and 1000 ab™!
for the 3 TeV, 14 TeV, and 100 TeV muon collider.

3 TeV 14 TeV 100 TeV
6=0% [9.90x103[3.13x 10> | 1.64 x 10~®

Gl T_“’B’ | s=5% | 1.18x 1072 | 575 x 10-5 | 479 x 10-8
(©=0) | 5—10% | 1.46 x 10-2 | 8.01 x 105 | 6.61 x 10~
G Tevt | 2= 0% | 207x 107 [651x 10 343 x 105
b~ =5% | 246 x 102 | 1.53 x 10~ | 1.02 x 107
b 6 =10% | 3.06 x 102 7

1.67 x 10* | 1.38 x 10~

Relations between couplings {;, {, and “"unbroken” couplings f;;

3
G = [f15+fT6_ [fTU'*‘le_f?o—fI’G]
G2 = C‘jﬁ" [fr = Afrg] + 23 [fq 2 — fral .
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Possible scenario of future colliders

Possible scenarios of future colliders ™ Proton collid.er mmsmmm Construction/Transformation: heights of box construction cost/ye
Electron collider . Preparation
I Electron-Proton collider

5 . 20km tunnel [RILSPENLET 1TeV
ears
% . 5,6 B/9 years 2 abl =4-5.4 ab?!
- =25 B/7years L]
31km tunnel 40 km tunnel
©
£ 100km tunnel =N TN PZ Y SppC: = FCC-hh
6 6 B/8 years 16/2.6/5.6 ab* snse
-~ SR cuc: 380 Gev
5 years 5,9 B/7 years 1.5 ab!
51B/5y 738B/5y
29 km tunnel
50 km tunnel
350.365 Gev 17813 years FCC hh: 150 TeV =20-30 ab!
1.7 ab?
FCC-ee:
AL 10 5 B/10year A
E 150/10/5 ab*
oL | 100km tunnel A7 831 yours FCC hh: 100 TeV 20-30 ab!

24B/15 years
FCC hh: 100 TeV 20-30 ab!

8 years
100km tunnel

HL-LHC: 13 TeV 3-4 ab! HE-LHC: 27 TeV 10 ab?
7 B/8 years
» o -1
= I sniews (I:Izes(f.lla.;:liv FCC-eh:3.5TeV 2 ab
AEEEE EEEEEEEEE EEEEEEEEE EEEEEEEEE EEEEEEEEE EEEEEEEEE EEEEEEEEE EEAEE
; 2020 2030 2040 2050 2060 2070 2080 7/11/10 2090
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Accelerator-based projects
proposed by the community
in recent years

Collider (type) Vs (GeV) [Liy (@b™"), duration (years)]

HE-LHC (circular, pp) 27 x 10° [15, 20]

ILC (linear, e’e) 91 (0.1, 1.5; 250 [2, 11]; 350 [0.2, 0.75]; 500 [4, 9]

CLIC (linear, e'¢) 380 [1.0, 8], 1.5 x 10° [2.5, 7], 3 x 10° [5, 8]

FCC-ee (circular, e'e”) 88-94 [150, 4]; s-channel h (20, 3]; 157-163 [10, 2J; 240 [5, 2]; 340-365 [1.7, 5]
FCC-hh (circular, pp) 100 x 10° [20-30, 25]

FCC-eh (circular plus ERL, ep) 3.5 x 10° [3, 25]

MuC (circular, u'u) 3 TeV [1, 5]; 10 TeV [10, 5]; 10 TeV [20, 5]

CepC (circular, e'e) 91 (16, 2J; 160 [2.6, 1]; 240 [5.6, 7); 360 |-, -]
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In unitary gauge

(2

kinetic term for the Higgs field looks like
(D#®)" (D <D)=392p2 (WP W,, +WEWy, ) + i +0%pd,p
H A 1 " u 2 "2, 00326(,\, H

p = h (Higgs field) + v
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Torpga NMunat onAaTb BOWEN B npeToputo, n npussan Uncyca, u ckasan Emy: Tbl
Llapb Uypeircknin? [...]

Uucyc otseuan: Llapcteso Moé He oT mupa cero; ecam 6bl or mupa cero 6bi10
LlapctBo MoE, To cayxkutenm Mowu nogsusanucb 6ol 3a MeHs, utobbl A He
6bin npepaH Uyaeam; HO HbiHe LlapctBo MoE He oTtcroaa.

Munat ckaszan Emy: ntak Tol Llapb? Uucyc oTBeyan: Tbl roeopuiub, uto A Llapb.
fl Ha TO poauAnca N Ha TO NPULLEN B MUp, YToObI CBMAETENBCTBOBATb O UCTUHE;
BCAKUMU, KTO OT UCTUHDI, cayLwiaeT rnaca Moero.

Munat ckaszan Emy: ymo ecmb ucmuHa? U, ckasas 310, ONATb Bbilles K
NUypeam n ckasan um: 1 HUKaKOW BUHbI He HaxoXKy B HEm.

— EsaHzenue om UoaHHa. 18: 33, 36-38
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Operators with gauge boson field strength tensor only

Orp = Tr[Wu, W] x Tr[WasWeP),
Or; = Tr[Wau W] x Tr[W,sW*™],

Oray = Tr[Wa,WHP] x Tr[Ws,W"e],
Ors = Tr[W,,WH| x B,sB*?,
Org = Tr[Wa,W*] x B,gB*,

Ory = Tr[W,,W*?] x Bs, B,
OT,S == B

v

B;u/Ba'BBaB’
Org = B,,B"’Bg,B"".

Ceccua-KoHdepeHUMA CeKLUmn aaepHOoIi
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Operator with covariant derivatives only

Q
4
|

so = [(Du®)"(D,®@)] x [(D"®)"(D"®)],

Osy = [(D,®)(D*®)] x [(D,®)!(D"®)],

-
4

Osa = [(D,®)'(D,®)] x [(D"®)'(D"®)).

- 4
- 4

Operator with covariant derivatives and field strength tensors
Onpo = Tr[W, W] x [(Dg®)"(D?®)],
Oy = Tr[W,W*8] x [(Ds®)'(D*®)],
Omz = [BwB"] x [(Ds®)'(D?®)),
Om3 = [BwB"] x [(Ds®)'(D*®)],
Oma = [(D,®)W;,(D*®)] x B,
Oms = [(D,®)'W;,(D"®)] x B,

Omr = [(D, D) W5, WP DY ).
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Oro
Ora

Ors
Org
Orx
Ors
Ora

Scalar fields:
Osg = [(D,®)}(D,®)] x [(D*®) (D"®)|,
Osy = [(D,@)'(De®)] x [(D,®) (D7 )],
Osa = [(D,®)(D,®)| x [(D°®)T(D*®)].

Tensor fields: Mixed fields:

= Tr{WaW™| x Tr(WasW*|,  Opo — Tr[WaW*| x (D, ®)/(D°®)),
= Tr(Wa W) x Tr[W,aW™],  Opy = Tr[W,a W) x [(D,®) (D)),
= Tr{Wa,W*| x Tr[W,,W*|,  Ouma = [B.aB" x [(D,®)!(D"®)),

— Tr{Ws,W*°] x B, B*, Oms = BB x [(D,®)(D*®)),

— Tr{W,,W*°| x B,,B™, Ouma = [(D,®)'W,\(D'®)] x B,

— Tr[Wh, W"| x B, B*, Oums = [(D,®)W,\(D*®)| x B + hec.,
— B,\B°*B,,B*, Oumz = |(D,®) W W (D ®)).

— B\, B B,,B*.
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The first evidence of yy - yy process was
observed by ATLAS & CMS in Pb-Pb collisions

(ATLAS Collab., Nat. Phys., 13, 852, 2017)
(CMS Collab., Phys. Rev. Lett. 123, 052001, 2019)

Pl) |:|'|°)

Ph Ph*!
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Discovery significance (6 = percentage systematic error)

b+8%b(s+b) | &2 1+ 5%b

1/2
Sdis_\/§|:(S+b)|n((s+b)(1+52b)]—iln[l+ 528 J:l

Inthelimité=0

Sis = |2 (s+b)In| 1+ b g
dis = (s+Db) n( "'E]_S > dIS_\/E
Sg4is 2 5 as discovery region
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Bounds on anomalous couplings for LHC
(S.Fichet et al., JHEP 02, 165, 2015)

TR | Bl rreveuas frrreveess wwevarss ehivwwe | § rawvITe SrarvPrive arweT I GwwvrTTe S _
1.2107" 1.x107" 0 1.%10" ™ 12107

&1 [Gev™)
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Another effective Lagrangian for
anomalous yyyZ couplings
77/7/2 gl( VF'UV)(Fpo-Zm) + gZ(F,u VFIUVFpJZpO-)

(C. Baldenegro et al., JHEP 06, 142, 2017)

=s===) Relations between two sets
of coupling constants

0:=8(9, —01), 9, =80
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Partial-wave expansion of helicity amplitude
(M.Jacob & 6. Wick, Ann. Phys. 7, 404, 1959, ibid 281, 774 2000)

]\’fxmg)\gm (S, 0, 99) : 16WZ(QJ * 1)\/(1 T 5)\1/\2)(1 : 3 5)\3/\4)
J

% @M AL {0) Ty s ()

d’,, = Wigner’s (small) d-function

1

1 1
T &= /]W s,2)dj (2)dz
)\1)\2)\3)\4( ) 307 \/(1 +5/\1)\2)(1 +5}\3)\4) ' A1A2>\3)\4( ) /\p,( )

Partial-wave unitary bound

J
|TA1A2A3A4(3)| <1
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Feynman rule for anomaly vertex yyyZ

PP = PLgi[(p1 - p2)(p2 - p3)gd"" 6" — (p1 - p3)Phpi g™
— (p1 - p3)P{P5 9" + PP PiDs]
+@21—(p1 - p2)(p1 - p3)g"“ 9" + (p2 - p3)PIPT "
— (p2 - p3)p1Pig"" + (p2 - p3)PiP5 9" + 2(p2 - P3)Phpig™
— (p1 - p3)PpY g + PP vhpt]}

P- permutations (symmetrization with respect
to photon’s momenta and indices)

M xoxs0q (P1, P2, P3) = Fuvpa(p1, p2, p3) 52.1 (p1)e;? (PQ)ngS (p3)e (pa)

24 helicity amplitudes proportional to g,
24 helicity amplitudes proportional to g,
(5.Inan & A.K., JHEP 10, 121, 2021)

SM amplitudes are taken from &.6ounaris et al., EPTC 10, 499, 1999
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