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Future Hadron Colliders and Heavy Bosons Program

CERN has reached a crucial milestone in the advancement of the High-Luminosity Large Hadron Collider
(HiLumi LHC) project with the start of the cryogenic cooldown to 1.9 K(-271.3 °C) of its 95-metre-long test
stand - a full-scale replica of the innovative equipment that will transform the LHC in the coming years. The
test stand is designed to validate the novel magnet system (the inner triplet beam-focusing magnets) and its

complex infrastructure, which is a key element in a major upgrade of the LHC that is set to enter operation in

2030. The LHC will shut down in 2026 to commence the installation of new components for the HL-LHC,
including magnet systems based on technology that was not available when the LHC was built. In
parallel, the activities of the detector upgrade programmes for the high-luminosity operation of the
LHC have made good progress. The HL-LHC will ultimately deliver over a factor of five more data
than the LHC, providing a leap forward in precision and new physics discovery potential.
The HL-LHC is planned to operate from 2030 to 2041. The completion of the HL-LHC programme
according to the current schedule will be critical for the timely implementation of the next flagship
collider project. The electron-positron Future Circular Collider (FCC-ee) is recommended as the preferred
option for the next flagship collider at CERN.
The successful completion of the FCC Feasibility Study at CERN, recommended in the 2020
Strategy update, constitutes another major achievement. A coherent baseline design for the FCC
programme, including a well-advanced territorial implementation scenario, has been elaborated.
The technical feasibility of electron—positron collisions in the FCC has been demonstrated and
plausible funding scenarios have been developed.
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Future Hadron Colliders and Heavy Bosons Program

Future Improvements to Large Hadron Collider:
- High-Luminosity LHC (HL-LHC) will improve e Future Circular Collider (FCC)

. . Circumference: 90 -100 km
lumln()S]ty by ~10x Energy: 100 TeV (pp) 90-350 GeV (e*e)

- Future Circular Collider (FCC) will increase — © 130 Fotn oo e eotider (LEP)

Circumference: 27 km

center of mass energy by ~10x Energy: 14 TeV (op) 209 GeV (e*e)
- Producing large samples of W, Z, and y éﬁ:ﬂ%ﬂﬁ s2m
. nergy: 2 Te
diboson (WW, WZ, ZZ) events e

LHCRun 3: 07 = 744+ 20 pb, Lint ~ 3 x 10° pb™ L, Ny = 05 X Lips ~ 108
HL-LHC Projected: Li; ~ 3 x 10° pb™, Nz ~ 10° CEE%EXCZ;??'&SSS_%%%

FCC-hh Projected: 0z ~ 4 x 10° pb , Lin: ~ 3 x 10° pb™ !, Ny ~ 104



Why do we want to look at single Z at hadron colliders?

1. Aren’t Z processes just used as backgrounds to other processes and calibration
tools because their production ¢ and lepton decay rates are well understood?

Z signals are ideal signals for BSM studies because Z is so well understood.

Potentially the first place to see BSM physics in the EW sector is in anomalous Z
couplings and rare decay modes.
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3. How can we utilize the abundant number of Z bosons to probe new physics?



Effective Field Theories and SMEFT

— Things appear “simpler” from a distance = We can
) PN reduce the dof of a system with increasing L
’ \ (decreasing E ~ L)

g - | - Consider a QFT with ¢ — light, H — heavy particles:
/ Zov| g, Ja] = / DH[DH] x expli / d (Lo ($, H) + Jsb + JuH)]
Zgrr|Js] = Zuv[Jg, 0]

Zorrldy) = [1D8)x expli [ d'a(Larr(9) + Jo6)

“integrating out the UV
degrees of freedom”

/ N /! N / i
Qs \p Qs @ Qs \Q

Scale Separation: E< A
Lgrr D (D¢ + Mz)_l ~ M2 — M_4E|¢



Effective Field Theories and SMEFT

ESMEFT—ﬁsm+—£5 ‘+—£7+—4 Lg +...

Li=Y GO

C; = Wilson coefficients

Ofd) = gauge-invariant operators forming a basis: a complete, non-redundant set

Key Assumptions:

EPJC:s10052-023-11821-3

- New physics is heavy: 100 GeV < E < A, where A > my
- SM symmetries (SU(3)xSU(2)xU(1)) preserved

Power Counting: Expected size of BSM effects ~ (4+n)
operator contributes effects of order (E/A)"

BSM A Dragons
SMEFT e, W, Z, v,e, u, t+u,d,s,c,b,t+h
100 GeV £2 iy Gl
WEFT Y. 8 VU €, 4, T+u,d,s,c, b
5 GeV

2 GeV

WEFT4 Y. & Vpe, U, T+u,d, s, C

ChRT Vs Vi €, 4 +hadrons
500 MeV
ChPT }', V,‘a e, I’l9 T
100 MeV
ED Y, U;, €
R 1 MeV L
7 Vi
EH
4



Dimension-6 SMEFT Operators: Warsaw Basis

X3 ¢® and @*D? PP (LL)(LL) (RR)(RR) (LL)(RR)

Qc i ABCGﬂ"Gfp G,?“ Qyp (‘A"t ‘P)3 Qep (‘Pf ®) (l_perV)) Qu (l—p'Yplr) (l_a’Y” lt) Qee (8pvuer) (Es7"et) Qie (l_p'Ynlr) (es7*er)

Qs | FAECGHGEGS* | Quo (Plo)D(pte) Quep ('0)(Gpurp) W @ue)@re) | Qu | @ne)@ru) | Qu | ()@ )
% Qw |eX W,f W) PW;( # | Qup (<p'f D+ <,0) ¥ (<p'f DMSO) Qap (') (G@pdry) 4(1?1) ((71»'7;#7'1%) (@7"'a) | Qaa (dpvudy) (7" dr) Qua (T vule) (s de)
L | o | wEwIew e Q%’ (Gn)@r'a) | Qe | (@)@ ) Qu (@ 79) (B er)
% X2,2 P Xo oD QR | Grr't)@rra) Qg; (Etuer) (der#d) f..; (Gp‘r:qr)(ﬁw"mi
= | e | o GAG™ | Qv | Goe)r'oWh, | QR | (#'iDue)Gr) o | (ﬂﬂzur)(‘iﬂ”dti o (qﬂ'iT sl
-§ Qs | oloGAGA | Qus | (Lo™e)pB Q¥ | (DI )T m,) w | Gl e QZ’:) aliard)
o P i 2 R i W . Qqd | @1uTa:)(dy*TAdy)
T | Quw | oo YJVW’” Quc | (G0 T4u)3Ga, | Qe (w‘zgu ©)(E*er) (LR)(AL) and (LR)LR) Boviolating

Q¢W ‘Pt‘P WJVWIW Quw ((jpa“”u,.)7'1¢ W;{v ﬁ(qu) (‘Ptf_'D# ‘P) (@7"‘11-) Qo (i}]; e,)(ci,q,j ) Qung 6“"3"8,'1: [( d:)TCuf] [(q;n' )TC’lf]

Qo | PoBeP” | Q| GrwFBa | G| DOGITE) | QL (gudeutd) | Qe eo9eys (VT Cuf¥] ()7 Cel

Qs | P0BwB” | Qu | G T 0G| Qe | (PiDuo)E) | QO | @TAu)en@T4) | Qs ePejuemn [(¢57)70af*] (™) CH]

Quws | ¢loWLB* | Qaw | (Go*d )T oW1, | Qua | (¢'iD,¢)(dpy*dy) QO | Beden(@uw) | Quua &8 [(d2)TCuf] [(u?)T Ce

Quws | PTeWLB” | Qs | (%0™d)¢Bu | Qeua | @' Dup) @y dy) Qlenu | Bower)ein(@or w)

Bottom-Up Approach: SMEFT operators cause deviations from SM predictions.

Given how precisely HL-LHC can measure Z decays, what new physics scale A can
dimension-6 SMEFT operators probe?



Using Dimension-6 SMEFT Operators: O, Case Study

QeW‘ (Lo* e, )" ch,f,,I : § e I ¥
e >

= CBW 7 v +
LD A2 ((lp ot e,.) 'H W,{V) p W,
We,  VZWL\ 1 /o vt+h (VZW
(WA - el "
vaw,, -w3, | v2\vth/ Vo | _wp
- v+ h V2 Wﬁtf v+ h
lp [(TIWJV)H] = (1761,, éL) . ( = (v ~+ h) Vel WJ;, —_ €y, W:V.
V2 \ -w} V2

v+ h 3
eroe.,W> -+ h.c.
V2 “"

Oew = (v+ h) U ce, WJ,’, —




Using Dimension-6 SMEFT Operators: O, Case Study

‘ 1 I I I , dim-6 Bar
Qew (lpO’W 6,- ) T (p Wﬂu ! Z/7 : mnsertion

Using the electroweak mixing relation: Wj‘ = cosOw Z, +sinfw A,

W), =W, —igcosOw(Z,W," — Z,W}) —igsin by (A, W," — A,W,).

Wi =W} —a,W,}

LD CZ—I;V v Ve, e, - [—igcosOw (Z, W, — Z,,W;)] T h e i, e
W
Now use the antisymmetry o** = —o"* : o*(Z W, — Z, W) = 20" Z, W, . 6
y 2.y : (Zu u) uWy B zg(WiW,f—WfW:)
Lawie = — =5 cay Zer o*e; Z,W, + hec.
M LA Ow) - G(ve) o™ Z +
ZWre ™~ F . (— gwv COS W) . u(ue)a 'v(eR) Eu( )EV(W )




Using Dimension-6 SMEFT Operators: O, Case Study

dim-6

: 2
generic ‘ CeW ‘ P A )
o= [ (Mgsm+ M dd
observable o: BAL T “m, R Z
CeW o
2 e * e P
= /lMSMI dP + A2 /ZRG(MSMMEFT) d® + X /lMEFT| dd.
oSsM f;;t o q‘\:ad
Name Process Feature(s)
Www %74 Irreducible
What kinematic variables can we look at? Top quarks s Q
tt tt—WbWbh Unidentified b-quarks =
. . . ; tw Unidenti_ﬁ.ed b-guark |Z
- Mainly invariant mass: tb, tgb it e o B
. o lisidentified leptons (Misi !
- The two main leptons: e, u e O st
. . . 77 Multijet production  jj misidentified as £¢; g

- A.].l OUthlng part1C1eS. e, M, 1% ’ 1% misidentified neutrinos B
€ U Other dibosons K
Wy ~ misidentified as e [{3
W~*, WZ, ZZ — ¢¢£¢ Unidentified lepton(s) ~I
Vv { ZZ’Y—> vy Irreducible Y ©

Zy ~ misidentified as e;

unidentified lepton

Drell-Yan (DY)
ee/pup Z/vy" —ee, pp Misidentified neutrinos
TT Z|~" =17 — vvbvr Irreducible




Using Dimension-6 SMEFT Operators: O, Case Study

CGI’V & p n:i':’:flyrlfm Vel
o= Mgy + A2 Mgpr| dP i '
CeW ce
2 eW eW 2
- /IMSB-Il dP + A2 /2R6(M§MMEFT) d® + A /IMEFT| d®.
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SMEFT Only Signal

Ev

—— Background
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Using Dimension-6 SMEFT Operators: O, Case Study

Signal

arXiv:2109.15085

50 Significance

Cew X (10 TeV /A)2

P
(10 TeV) ~ 0.93 From lepton EDM constraint: Cey < 2 X 10~° for A = 5 TeV,
A2 AEDM ~ 1118 TeV

Aproj ~ 10.14 TeV for Copy = 1

Ce W X
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Using Dimension-6 SMEFT Operators: O, Case Study
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e straint: Coy < 2 x 107°,
AE'DM ~ 1118 TeV

Aproj ~ 10.14 TeV for Cor = 1



