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OUTLINE

1._Physics beyond the Standard Model

* Motivation

* Model dependent and model independent strategies

2. Standard Model Effective Field Theory

* Assumptions and basis

* Global SMEFT analyses at the LHC and EIC

3.Interplay between BSM physics and PDFs

* PDFs can absorb BSM physics: a few phenomenological examples

* LHC and EIC complementary constraints



1. PHYSICS BEYOND THE
STANDARD MODEL
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THE HIGGS DISCOVERY

35.9-137 b (13 TeV)
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* Discovery of the Higgs boson at the LHC in 2012 opened a new era
of exploration of the high energy frontier at particle colliders with
new Yukawa force still largely unknown.

* No bullet-proof theoretical argument to argue for the existence of
New Physics between 8 and 13 TeV and even less so to prefer a NP
model with respect to another.
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IS THE HIGGS THE END OF THE STORY?

GeV Gravity not in the SM

/

Definitely not!

) r—
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27%

Dark matter

Compaosition 5%
of the Universe Regular matter

68%

—————  Dark energy

Degrassi et al, 2012 4

No Dark Matter candidate

I r

27TH JUNE 2025



SECOND EUROPEAN SCHOOL ON THE PHYSICS OF THE EIC AND RELATED TOPICS, BENICASSIM 27T JUNE 2025

S THE HIGGS THE END OF THE STORY?

@STFC/Bill Gilliland GeV
T

o

For every 10 billion antiprotons present in the

early universe, there were 10-billion-and-one New phVSiCS Scale A

protons. That tiny imbalance formed the
matter-filled universe we know today.,

I r

Not enough CP violation in SM to explain matter-antimatter asymmetry
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THE HIGGS IS THE BEGINNING OF THE STORY

First spin-0 elementary particle ever
discovered = its physics properties
receive much stronger quantum
corrections from virtual new particles
than any other particle in the SM!
Higgs = portal to new physics

0“‘\
—-><Q~—>-— — e — e — — > —
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THE HIGGS IS THE BEGINNING OF THE STORY

The fate of our universe is linked
with the properties of the Higgs:
are we going to quantum-tunnel
into a completely different
universe?

Top mass M, in GeV

Our Universe
as we see now

Higgs mass M, in GeV

Isidori et al, Nucl.Phys.B 609 (2001)



SECOND EUROPEAN SCHOOL ON THE PHYSICS OF THE EIC AND RELATED TOPICS, BENICASSIM 27T JUNE 2025

THE HIGGS IS THE BEGINNING OF THE STORY

From a theoretical point of view, it The fate of our universe is linked

would be natural to have an with the properties of the Higgs:

extended Higgs sector and unveil are we going to quantum-tunnel

new fundamental symmetries into a completely different
universe?

Top mass M, in GeV

Our Universe
as we see now

:
:
:
g
2

Higgs mass M}, in GeV

@CERN courier Isidori et al, Nucl.Phys.B 609 (2001)
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NEW PHYSICS, WHERE ARE THOU?

experimental
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@ATLAS collaboration
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BSM PHENOMENOLOGY AT THE LHC

e Two complementary strategies have been pursued at the LHC for new physics searches
e Search for resonances (direct searches) and search for deviations (indirect searches)

GeV

L\

Direct detection
(resonance peaks)
precision required to
characterise NP
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BSM PHENOMENOLOGY AT THE LHC

e Two complementary strategies have been pursued at the LHC for new physics searches
e Search for resonances (direct searches) and search for deviations (indirect searches)

GeV

Indirect detection
(deviations in tails)
precision essential to
P L\ spot dev_iat_ions from
: SM predictions 1

FT

— > CLHC

)
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NEW PHYSICS SEARCHES LANDSCAPE

Search for new

-«

specific models, simplified models anomalous couplings, EFT...

Search for new states

interactions

Model-dependent < Model-independent

SUSY, 2HDM, ED, ... simplified models, EFT, ...
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NEW PHYSICS SEARCHES LANDSCAPE

Search for new states

specific models, simplified models

CMS Preliminary fs=7TeV,L=5.1fb";ys=8TeV,L=19.6fb"
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"Peak” or more complicated structures
searches. Need for descriptive MC for
discovery = Discovery is data driven. Later
need precision for characterisation.

do

dM,,w GeV 102

Search for new

interactions

anomalous couplings, EFT...
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Deviations are expected to be small.
Intrinsically a precision measurement.
Needs for predictive MC and accurate
predictions for SM and EFT.
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DIRECT SEARCHES

e With LHC reaching unexplored
energy scales, searches for new
physics should aim at being
sensitive to the highest possible
energy scale and no stone
should be left unturned.

e LHC strategy: look for New
Physics by covering the widest
range of theoretically or
experimentally motivated
searches

squarks sleptons gauginos higgsino




ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

July 2024 Vs =13TeV
Model Signature  [L£dt[b7'] Mass limit Reference
T L] T T T T L] L] I T T T L] T
4. 3401 0e,p 2-6jets  Ep™ 140 1.85 m(¥})<400 GeV 2010.14293
@ mono-jet  1-3jets  EfMiss 140 | G [8x Degen.] 0.9 m(g)-m(¥})=5 GeV 2102.10874
S 3 zoqah) Oeu  2-6jets EMs 140 |z 2.3 m(¥?)=0GeV 2010.14293
& F4 Forbidden 1.15-1.95 m(¥1)=1000 GeV 2010.14293
8 28, 3—qqgWi) Tepu 2-6 jets 140 | & 2.2 m(¥))<600 GeV 2101.01629
2 2—qq(toxY) ee, Hu 2 je.ts EF™ 140 |% 2.2 m(¥})<700 GeV 2204.13072
B 75 goqqWZ¥) Oe,u 7-11jets  EF™ 140 |2 1.97 m(X’?(? <600 GeV 2008.06032
3 SS e, 6 jets 140 |2 1.15 m(z)-m(I})=200 GeV 2307.01094
Sz zoat) 0-1e,p 3b  EMS 140 |z 2.45 m(¥})<500 GeV 2211.08028
SSe,u 6 jets 140 g 1.25 m(z)-m(X})=300 GeV 1909.08457
bib, Oe.p 2b  EPS 140 | b 1.255 m(¥})<400 GeV 2101.12527
by 0.68 10 GeV<Am(b; X1)<20 GeV 2101.12527
o biby, by—b¥> — bht) Oe,u 6b Eg%“ 140 | b Forbidden 0.23-1.35 Am(/?g,/g?)ﬂso GeV, m@?)=01 00 GeV 1908.03122
f’?s '% 27 2b E7 140 | b, 0.13-0.85 Am(¥,X1)=130 GeV, m(¥})=0 GeV 2103.08189
2 @iy, otk 0-1e,u >ljet  EPFS 140 |§ 1.25 m(t))=1 GeV 2004.14060, 2012.03799
2 g_ iy, s Wht, Teu  Bjets/th EPS 140 |y Forbidden 1.05 m(t})=500 GeV 2012.03799, 2401.13430
Q5 i i—oTiby, 1116 127 2jetsAb EMS 140 | @ Forbidden 1.4 m(71)=800 GeV 2108.07665
s L AR, hodk] /&, ik 0e,pu 2c  EP™ 361 |z 0.85 m(¥§)=0 GeV 1805.01649
RelaS Oe,u mono-jet  ET™ 140 i 0.55 m(f,,&)-m(¥])=5 GeV 2102.10874
iy, i1, Va—>Z/hi) 1-2e,p 140 EPS 140 |G 0.067-1.18 m(¥3)=500 GeV 2006.05880
hiy, h—h +Z Seu 1b EPS 140 | & Forbidden 0.86 m(¥})=360 GeV, m(#; )-m(¥})= 40 GeV 2006.05880
XX via wz Multiple ¢/jets _ E£?SS 140 )?:/,\'/g 0.96 m(&})=0, wino-bino 2106.01676, 2108.07586
ee, up >1jet EP™ 140 | XX, 0.205 m(¥T)-m(¥})=5 GeV, wino-bino 1911.12606
XX viaww 2e.u EPS 140 | X 0.42 m(¥?)=0, wino-bino 1908.08215
XX via Wh Multiple ¢/jets EP 140 |Xi/X;  Forbidden 1.06 m(¥})=70 GeV, wino-bino 2004.10894, 2108.07586
. XX vialZ /v 2e.u EMs 140 | AT 1.0 m(@,7)=0.5(m(¥;)+m(i)) 1908.08215
= § o) 27 Ep™ 140 [ENERFRIDI0ss 0.5 m(¥})=0 2402.00603
WS 7 plg, -0 2e.p Ojets  EM 140 |7 0.7 m(P%)=0 1908.08215
ee, up >ljet EPMS 140 |7 0.26 m(?)-m(¥})=10 GeV 1911.12606
HH, H—hG|ZG Oe,u >3h  Ept 140 | @ 0.94 BR(Y| — G)=1 2401.14922
4epu Ojets ~Ep™ 140 | A 0.55 BR(Y} — ZG)=1 2103.11684
Oe,u >2large jets E™ 140 H 0.45-0.93 BR(Y, — ZG)=1 2108.07586
2e,pu >2jets  EPs 140 | @& 0.77 BR(t! — ZG)=BR(Y! — h()=0.5 2204.13072
Direct ¥1X; prod., long-lived X7 Disapp. trk ~ 1jet ~ EMs 140 i; 0.66 Pure Wino 2201.02472
S X 0.21 Pure higgsino 2201.02472
[} .
S Q  Stable  R-hadron pixel dE/dx EMs 140 |2 2.05 2205.06013
T Metastable g R-hadron, g-qqt) pixel dE/dx EF 140 | & [x(®) =10ns] 2.2 m(¥})=100 GeV 2205.06013
S8 I~ Displ. lep ENS 140 | & 0.74 (@) =0.1ns ATLAS-CONF-2024-011
| . 7 0.36 7(7)=0.1ns ATLAS-CONF-2024-011
pixel dE/dx EMs 440 |7 0.36 (@) =10ns 2205.06013
GV X s ze—eee 3e,pu 140 Pure Wino 2011.10543
XL 1RS> wwyzeetevy 4ep Ojets  EP™ 140 m(¥})=200 GeV 2103.11684
22, 3—qq¥1, ¥] > qqq >8 jets 140 2.34 Large 1}, 2401.16333
S 7 it X tbs Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
& i, i—>bX1, X7 — bbs > 4b 140 Forbidden m(¥;)=500 GeV 2010.01015
0, —>bs 2jets+2b 36.7 0.61 1710.07171
fif1, f —ql 2e,u 2b 140 0.4-1.85 BR(f, —be/bu)>20% 2406.18367
1u DV 136 1.6 BR(7, —qu)=100%, cosf,=1 2003.11956
X 5 7Y, 70, —tbs, XT —bbs 12e,u  >6jets 140 |2 0.2-0.32 Pure higgsino 2106.09609
L L Il L L L 1 1 I L L L L L
* . . . . _1
Only a selection of the available mass limits on new states or 10 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.



ATLAS Exotics Searches™* - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: May 2020 [L£dt=(3.2-139)fb! Vs =8,13TeV
Model t,y Jetst EI [rdt[i] Limit Reference
ADD Gkk + g/q Oe,u 1-4j Yes  36.1 n=2 1711.03301
ADD non-resonant yy 2y - - 36.7 n =3 HLZ NLO 1707.04147
ADD QBH - 2j - 37.0 n==6 1703.09127
ADD BH high ¥, pr >leyu >2j - 3.2 n =6, Mp = 3 TeV, rot BH 1606.02265
ADD BH multijet - >3] - 3.6 n =6, Mp = 3 TeV, rot BH 1512.02586
RS1 Gk — vy 2y = - 36.7 k/Mp, = 0.1 1707.04147
Bulk RS Gkx — WW/2Z multi-channel 36.1 k/Mp, = 1.0 1808.02380
Bulk RS Gk — WV — fvqq Teu 2i/1J  Yes 139 k/Mp, = 1.0 2004.14636
Bulk RS gxx — tt le,u >1b,>1J/2 Yes 36.1 r/m=15% 1804.10823
2UED / RPP leuy 22b=23] Yes 36.1 Tier (1,1), B(AMD - ¢t) =1 1803.09678
SSM Z’ — (¢ 2eu - - 139 1903.06248
SSM Z" - 11 271 - - 36.1 1709.07242
Leptophobic Z* — bb - 2b - 36.1 1805.09299
Leptophobic Z” — tt Oe,u >1b,>2J Yes 139 r/m=12% 2005.05138
SSM W’ — ¢v leu - Yes 139 1906.05609
SSM W’ — v 17 - Yes 36.1 1801.06992
HVT W’ —- WZ — {vggmodel B 1 e,u 2j/1J Yes 139 gv =3 2004.14636
HVT V' - WV — gqqgmodel B O e, u 2J - 139 gv =3 1906.08589
HVT V' - WH/ZH model B multi-channel 36.1 8gv =3 1712.06518
HVT W — WH model B Oeu >21b,22J 139 gv =3 CERN-EP-2020-073
LRSM Wg — tb multi-channel 36.1 1807.10473
LRSM Wg — uNg 2u 1J - 80 m(Ng) = 0.5 TeV, g, = g 1904.12679
Cl gqqq - 2] - 37.0 m 1703.09127
Clttqq 2e,pu - - 139 um CERN-EP-2020-066
Cl tttt >teu >1b>1] Yes  36.1 |Cael = 4n 1811.02305
Axial-vector mediator (Dirac DM) Oe,u 1-4j Yes 36.1 84=0.25, g,=1.0, m(y) = 1 GeV 1711.03301
Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes 36.1 g=1.0, m(y) = 1 GeV 1711.03301
VVyy EFT (Dirac DM) Oe,u 1J,<1] Yes 3.2 m(y) < 150 GeV 1608.02372
Scalar reson. ¢ — ty (DiracDM) O-1e,u  1b,0-1J Yes 36.1 y =0.4,1=0.2, m(y) = 10 GeV 1812.09743
Scalar LQ 1°* gen 12e >2j Yes  36.1 =1 1902.00377
Scalar LQ 2™ gen 12u >2]j Yes  36.1 B=1 1902.00377
Scalar LQ 3" gen 27 2b - 36.1 B(LQS — br) =1 1902.08103
Scalar LQ 3" gen 0-1e,pu 2b Yes  36.1 B(LQY - tr) =0 1902.08103
VLQ TT — Ht/Zt/Wb + X multi-channel 36.1 SU(2) doublet 1808.02343
VLQ BB —» Wt/Zb+ X multi-channel 36.1 SU(2) doublet 1808.02343
VLQ Ts/3Ts3|Ts;3 = Wt + X 2(SS)/>23eu>1b,21] Yes 36.1 B(Ts3 = Wt)=1,c(Ts5;3Wt)=1 1807.11883
VIQY - Wb+ X leu =21b,>1] Yes  36.1 B(Y — Wh)=1, cg(Wh)= 1 1812.07343
VLQ B - Hb+ X Oeu,2y >1b,>1j Yes 79.8 kg=0.5 ATLAS-CONF-2018-024
VLQ QQ — WgWq leu >4j Yes 203 1509.04261
Excited quark ¢* — qg - 2] - 139 only u* and d*, A = m(q") 1910.08447
Excited quark ¢* — qy 1y 1) - 36.7 only u” and d*, A = m(q") 1709.10440
Excited quark b* — bg - 1b 1] - 36.1 1805.09299
Excited lepton ¢* 3eu - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* 3eurt - - 20.3 A=16TeV 1411.2921
Type Ill Seesaw 1eu >2j Yes 79.8 ATLAS-CONF-2018-020
LRSM Majorana v 2u 2] - 36.1 m(Wg) =4.1TeV, g1 = gr 1809.11105
Higgs triplet H** — (¢ 234eu(SS) - - 36.1 DY production 1710.09748
Higgs triplet H** — Seurt - - 20.3 DY production, B(H;* — (t) =1 1411.2921
Multi-charged particles - - - 36.1 DY production, |q| = 5e 1812.03673
Magnetic monopoles - - - 34.4 DY production, |g| = 1gp, spin 1/2 1905.10130
'S L -l l 1 1 2 1 1 1 i n s
-1
- - 10 1 10 Mass scale [TeV]

*nlv a celection of the available mace limite on new <tatee or henomena ie cshown
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EXAMPLE: DIRECT SEARCH FOR A BROADER HIGGS SECTOR

* The Higgs provides a privileged searching ground.
It has just been discovered. Some of its properties
are either just been measured or completely
unknown. A plethora of production and decay
modes available.

 First “elementary” scalar ever : carrier of a new
Yukawa force, whose effects still need to be
measured.

» Several motivations to have a reacher scalar sector
with more doublets or higher representations =

Higgs might be the first of many new scalar states.
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EXAMPLE: DIRECT SEARCH FOR A BROADER HIGGS SECTOR

--------------------------------------------------------------------------------
3

* The Higgs provides a privileged searching ground. O, — (@f) B, — (CIJ)
It has just been discovered. Some of its properties ®?
are either just been measured or completely e AR Rt :

unknown. A plethora of production and decay

modes available.

 First “elementary” scalar ever : carrier of a new U1
Yukawa force, whose effects still need to be
measured. p

» Several motivations to have a reacher scalar sector 2
with more doublets or higher representations =

Higgs might be the first of many new scalar states. Standard Model @
Prediction

» 2HDM simplest extension of SM Higgs sector two y
Higgs doublets, leading to five physical scalar e @

Higgs bosons. @
» Simplified model that embeds several specific
models (like MSSM)

* Observing a charged Higgs would be unmistakable sign of a broader Higgs sector

MSSM Higgs Boson Predictions



SECOND EUROPEAN SCHOOL ON THE PHYSICS OF THE EIC AND RELATED TOPICS, BENICASSIM 27T JUNE 2025

DIRECT SEARCHES FOR A CHARGED HIGGS

Low masses &
' . 60
U000 S 40/\ :

‘ S 30¢ ATLAS Preliminary -

3
: e H s tb 95% CL, exclusions
_)
Observed
“00000° _ 10F hMSSM - Expected
b N

Illllllllllll

Vs =13 TeV [ Expected +10

Illllll

-1 [ ] Expected + 20
139 —— Observed 36 fb'11
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CMS 35.9 b (13 TeV) 3
@_ 60_] LN AL I/ T I LML I LTI UTTUTTLIT | LTTUTIUIU | Uy | LITEUIMELYI 2 i
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EXAMPLES OF INDIRECT SEARCHES

CMS Preliminary 138 b~ (13 TeV)
. - l0.0m—m—m—m-o1r———1/—r——"++r—"————"—7Tr——1T—
i Slmp|eSt frameWOI’k fOr x [| ¢ Exp. Combination best fit . 1
) . . | W Exp. Combination 68% CMS collaboration, HIG-23-013 |
indirect searches is the 2 5[] = Exp. Combination 95% i
e Combination best fit

kappa framework [| — Combination 68%

. . 5 0—_ --- Combination 95% B
e Assumes there is a single |

Higgs boson, with a mass 25| |

of 125 GeV, and that any _
possible new physics 0.0F
effects that can be seen in

these measurements affect _ _
only the couplings 5.0[ .

between the Higgs boson

and other particles.
e These possible new 1002f
‘ -20 -15 -10 -5 0 5 10 15 20
physics effects are then Ke
parametrised in terms of
coefficients k. Constraints on Higgs boson coupling to charm and bottom quarks

from Higgs transverse momentum measurements by CMS @ 13 TeV



2. STANDARD MODEL
EFFECTIVE FIELD THEORY
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THE IDEA BEHIND EFT

* As more precise data
and SM theoretical
predictions become
available, we can
identity patterns of
small differences
induced by new
physics and from
there deduce what is
the new model that
causes a given
pattern!

* Want to be as
agnostic and general
as possible: EFT
formalism

current measurements
future measurements
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THE IDEA BEHIND EFT

® Beta decay of a neutron into proton and electron plus missing energy
(neutrino) was perfectly described by Fermi theory (Fermi, 1934) as the
interaction of the four particles involved. Only in 1983 the W boson
mediating the interaction was discovered.

If intermediate

particle much ... it is integrated
heavier than out and its effect is
energy of the only an “effective

system... interaction”
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EXAMPLES OF UV T0 EFT MATCHING

e Can match explicit BSM models to the effective field theories in a

straightforward way. Each model leads to different low energy behaviour
hence a different pattern of Wilson coefficients.

Example 1: dim-6 dim-8
! !

2 2 2 2

9z 9z . GHD

Y

p2 _MZ/ -~ M2/

mJ

M7,

(assume p2»>Mgsm?)

1 1
O ~ |MSM|2 + —2Re [MGME'M] + F {lMG‘z + 2Re [MSMEM]}

A2
géM Q?SMQ%' 942' g.%Mg%’
p p> M3, M3, M3,

Courtesy of R. Boughezal
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EXAMPLES OF UV T0 EFT MATCHING

e Can match explicit BSM models to the effective field theories in a

straightforward way. Each model leads to different low energy behaviour

hence a different pattern of Wilson coefficients.
dim-6 dim-8
Example 2: ! Y
2

D
~ () |
M3

Han, Lykken, Zhang (1998)

KK Graviton

(assume p2»Mgp2)

1
g v |MSM| ‘|‘ —2Re [MﬁMSM ‘|‘ {|M6|2 ‘|‘ ZRG [MSMSM]}

A2
! ! ' '
95 0 0 95m
pt o - : o M}

Courtesy of R. Boughezal
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EXAMPLES OF UV T0 EFT MATCHING

e Can match explicit BSM models to the effective field theories in a
straightforward way. Each model leads to different low energy behaviour

hence a different pattern of Wilson coefficients.
dim-6 dim-8
Example 2: ! Y
2

p
~ 0 A |
M

Han, Lykken, Zhang (1998)

KK Graviton

(assume p2»Mgp2)

1 1
O ~ |MSM|2 + EQRG [MﬁM*SM] + F {|M6|2 + 2Re [MSMZ'M]}
! ! ' '
95 0 0 95m
r* o : - M

Crucial to have tools that match a UV Lagrangian to the corresponding EFT, where all
heavy degrees of freedom have been integrated out.

MatchMakerEFT Carmona et at 2112.10787
Matchete Fuentes-Martin et al 2212.04510
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STANDARD MODEL EFFECTIVE FIELD THEORY

® EFTis awell-defined theoretical approach for indirect searches
® Assumption: new physics states are heavy

e \Write the Lagrangian with only light SM particles

® BSM effects can be incorporated as a momentum expansion

® FEach operator can be improved at higher orders including QCD and EW
corrections

® SMEFT: assume SM field content and gauge symmetries (apart from
accidental)

h=c=1
Nd8

LsmerT = Lsm + Z e 26) + Z b o dim A* =1

7N ime =1

BSM effects SM particles alin ?70 S5 3/2
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STANDARD MODEL EFFECTIVE FIELD THEORY

® EFTis awell-defined theoretical approach for indirect searches
® Assumption: new physics states are heavy

e \Write the Lagrangian with only light SM particles

® BSM effects can be incorporated as a momentum expansion

® FEach operator can be improved at higher orders including QCD and EW
corrections

® SMEFT: assume SM field content and gauge symmetries (apart from
accidental)

Complete basis of SU(3) x SU(2) x U(1) invariant D = 6 operators constructed out of the SM

fields. In general 2499 independent operators after imposing baryon and lepton number
conservation. Flavor universality, 76 operators.
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DIM-6 BASIS

27T JUNE 2025

Gauge-Higgs
and Higgs-Higgs
interactions
X3 "06 and QO4D2 ¢2903
Qc f ABCGﬁVGEpGg“ Qy (‘PTSO)3 Qe (¢'p) (l—perSo)

& | FABCGGPPGSH | Qun (¥Te)O(p'e) Que ('0)(Gpurp)
Qw | eKWIWIPW | Qup | (¢'D*0)" (¢'Dup) | Qup | (¢70)(Gdrp)
Qw | VKWW PW Kk

X2p? P’ Xy v*¢*D
— > —
Qo | ¢l0GAGY | Quv | (Loe)rToWL, | Q% | (#'iD,¢)([Tn"L,)
~ — > —
Qe | ¢wGAG* | Qs | (Lo*e)pBu | QF | (piD} )T yl,)
Qow ‘PT‘P W;{u win Quc (QPUWTAur) 7 Gﬁu Qe (‘PT": B up) (&7 er)
e — >
Quiv | PeWLW™ | Quw | (Go™u)T'dW], | Q% | (¢'iDue)(@*e)
>
QB o' By, B* Qup (@0 ur)@ B 503‘1) (¢"iD ;{ ) (@7 v"q)
~ “—r
Q<p B Pl B,,B" Qic | (qpo WTAdr)‘P Gﬁu Qou (p"iD u ) (U uyr)
> —
QuwB o'l W[.{VB#V Qaw | (Fo* d.)T'p W;fu Qea | (#"iD,p)(dy*d;)
Q¢W B (pTTI()o W;{v B* QdB (qpaﬂudr)‘p B uv Qcpud z(‘;BTD 7 CP) (ap'yﬂdr)

Buchmuller, Wyler (1986); Grzadkowski et al (2010); Brivio, Jiang, Trott (2017)

Fermion-Higgs-Gauge
interaction
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DIM-6 BASIS

Four fermion

interactions (LL)(LL) (RR)(RR) (LL)(RR)
Qu Loyl ) (L) Qee (Epvuer) (B er) Qe (Lovals) (s er)
2 (@ yuar) (@7 qe) Quu (Tpyuur) (Tsy us) Quu (Lpyulr) (Tsy ue)
2| @)@ a) | Qua (dyy,dy) (dsy dy) Qua (Lovulr) (dsy*dy)
QY | Gmd) @ a) || Qe | Eveer) @) | Que | (@uar)(Erier)
QY | CGrl) (@7 ') | Qe (Epyuer)(dsydy) S @) @y ue)
) (TpY,ur) (dsyHdy) @ | (@7.T49,) @A TAu,)
& | @ T ) (o T4d) | Q% | (@ e ey dy)
QY | (@7.T%e,)(dy*T4d,)
(LR)(RL) and (LR)(LR) B-violating
Qiedg (Ber)(dsqt) Qdug e**eg [(dg)TCw] (@) 7 Clt]
Qo | @w)en(@d) || Qugu e [(g57)TCaf¥] [(u3)TCel]
Qi | @T u)en(@Td) | Qi e juemn [(429)7CaP¥] ()7 O]
Qo | @eeu(@u) S | eP(TTe) k() mn [(€9)TCEH] [(@™)TCIF]
QY. | (Bowe (@ o uw) || Quua £ [(d2)TCuf] [(u))"Ce,]

Buchmuller, Wyler (1986); Grzadkowski et al (2010); Brivio, Jiang, Trott (2017)
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CONSTRAINING THE SMEFT AT THE LHC

e Large number of operators, yet a
plethora of observables and final
states to measure. S

ObSZ' — ObSZSM -+ Mz’j .

S is a generic scale, which is process and operator dependent

A2
e Precision observables in the bulk
of the distributions while tails

provide sensitivity through the

energy growth. A> \/gl/‘cz‘/é

e Validity issues arise, as well as for
the interpretation in terms of UV -

models. ‘CZ|S/A2 < 0
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CONSTRAINING THE SMEFT AT THE LHC

= A global constraining strategy needs to be employed
= |dentify the operators entering predictions for each observable (LO, NLO,..)

= Find enough observables (cross sections, BR's, distributions,...) to constrain all

operators.

We need to identify the most

Use SMEFT to parametrise sensitive observables
and look for deviations / *

from the SM
We need precise
calculations and
automated tools for the EFT
" Deviations: New Physics *

Bounds: Constraints on :
. Use as many experimental

BSM scenarios .
measurements as possible

in global fits

E. Vryonidou, RECFA meeting 2019
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CONSTRAINING THE UNSEEN AT THE LHC

= Most fits of SMEFT coefficients are restricted to a few observables or sectors, thus
reducing the number of dim-6 operators involved.

= Recently several more global fits appeared: careful with individual versus marginalised fits

| W Top + Higgs + VV, Linear NLO EFT

BN Individual g MEF i T

—
(@) = = — —
I ) (@) ) ()
= o = "} w

—
=
[N}

Magnitude of 95% Confidence Level Bounds (1/TeV?)

—
N
w
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SMEFT ANALYSES AT THE EIC [ P

EIC, v/s = 140 GeV
1000F oy LHeC, /5 = 490 GeV
| LHeC, /s = 1.3 TeV
‘mmm FCCeh, v/s = 3.5 TeV

e Another possibility of probing
the SMEFT parameter space is
with DIS experiments.

e Host of facilities spanning low
and high energies are planned
for both the near and far future. Lok

Past: HERA Vs ~ 320 GeV |
Near future: EIC +/s ~ 140 GeV 105 100 0001 0010 0100 1

Future: LHeC /s ~ 1.3 TeV .
FCC-eh s~ 3.4 TeV Sensitive to the same operators as

the Drell-Yan process at the LHC

Boughezal et al 2204.07557
Bissolotti, Boughezal, Simsek 2306.05564
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SMEFT ANALYSES AT THE EIC

95% CL, A =1 TeV, 7d fit 95% CL, A =1 TeV, 7d fit
Bt Mt B ]
0.08 T, P4 | ‘ |
40 W ) 407w | Joint EIC
N 0 W B | LHeC2|
\\ \ w | Joint LHeC
20 \\\\ 08 0 o008 20p s | FCCehl
\\ \ w | Joint FCCeh
< \\ N \\ \ =
T N N N S
_P4. e e _ 0.05
—20fm | Joint EIC N ~ -20
| LHeC3 ~ P
w | Joint LHeC SN 0 N4
—40tm- FCCeh3 40t
| Joint FCCeh ‘ 1 I _0'950_05 0 0.05
, R . . R ] |
-40 -20 0 20 40 —40 -20 0 20 40
C’},}) C}é)

Boughezal et al 2204.07557
Bissolotti, Boughezal, Simsek 2306.05564



J. INTERPLAY BETWEEN BSM
PHYSICS AND PDFS
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NEW PARTONS?

10°

27T JUNE 2025

mg = 50 GeV, Q=100 GeV

100 r
g [XIsusy 10 L
9 XlcTeqem Q=15 GeV =
" . &= 1
14 | N "
: g 0.1
1.2 i 107 gluino —‘><—c .
; 3 Beraer et al 1010.4315 , , 3
1 10
- 10° 10 10° 0.01 0.1 03 08
I X
0.8 +
- SUSY fits with a floating ot (M)
: 200 2010 study
study ——
0.6 . 2004 stud§ ---------
: 150 |
L . . \N
04 [ — = — mg=15GeV, 2:=0.118 N 100 ke N
L \ -
[ = == Mg=00, s=0.127 ‘N 2 _
0.2 + N < 50 G..Q;l.is
i my=15 GeV, as=0.127 N
¢ 0t ooy, e s0 s 008 0118 .
| % T ©  gluino decoupling —
! : ! ; : : 0131
1041073 102 0.1 0.2 0.5 0.7 50
0.121
Berger et al hep-ph/0406143 : e P
2 5 10 20 30 50 100 200 500
m; [GeV]

® Pre-LHC studies: what is there was a light SUSY coloured partner?

® Alight SUSY Parton would modify DGLAP equation and running of as

® Comparison to data excludes any light coloured parton on increasing mass range as more (and

more precise) data are included in the global PDF fits.
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NEW PARTONS?

® |dea: now PDFs are known very precisely, and their uncertainties will continue to reduce in

the near future with the HL-LHC, could we do the same for a colourless particle too?
® Can we link it to dark matter?

® Hidden-sector Dark Matter is a natural generalisation of the Weekly Interacting Matter
Particles idea to include interactions through a new force rather than just SM forces.

M DM
S N— —_—r

MEDIATIOR E

TS —
SM SM
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NEW PARTONS?

(9
y
5

Ay,

\ B

\0 0 Pz, 0

Ratios of gg luminosities to SM @ vs=14 TeV

=
N
1

Ratio of luminosity to SM

o
o

=
=
1

=
o

O
©

Current SM qq
Projected HL-LHC qq
Dark qq

| mB=5GeV,ozB=5x10_3\

500 1000 1500 2000

My

2500 3000

27T JUNE 2025

* |f there was a lepto-phobic

dark photon weakly coupled to

quarks, it would appear among

the partons of the proton.

1

Lint = —9Bq3Bq

3

® The presence of the dark

Parton would modify the

evolution of standard quarks

and gluon.
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NEW PARTONS?

q B q B —— HL-LHC pseudodata
T —— SM baseline
] — mp=5GeV,ag=3x10"3
B 9 q 107% 5 —— mg=5GeV,ag=5x10"3
q q B B
1075 4
=
3
(9 ( 0\ 10+
7y TeL el 0
qS = by 2 aqs . . S Lo |
Q an - PqB ® q
Ay,
P,p
5/
\0 0 Py 0 PBB)
1.2
Ratios of gg luminosities to SM @ Vs=14 TeV g 111 | .
Current SM qg 3 107 = '
1.2 Projected HL-LHC qg 2 097
= —= < 0.8 1
n —— Dark qq
9 0.7
> 1.1
é 51 2 |
= 10' § 1.1
E — 109 ==
‘5 S 0.9 iy
o 0.9+ g
e ~ % : Projected HL-LHC PDF uncertainty
& < 0.7 : : : . .
0.8 _3 1000 2000 3000 4000 5000
' mB=5GeV,aB=5><10 mj
0 500 1000 1500 2000 2500 3000 M. McCullough, J. Moore, MU, arXiv:2203.12628

Mx
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DARK PHOTON CONSTRAINTS

M. McCullough, J. Moore, MU, arXiv:2203.12628

101 ]

Precise LHC
data can
indirectly
constrain
parameter
space of the
dark photon in
a competitive

way compared
to direct
searches
1071 -: Anomaly cancellation
—— Y-decay
— Z- Xy

——— CMS ISR+dijet
—— This work, optimistic
—— This work, conservative
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SIMULTANEQUS VERSUS SEPARATE FITS

| u
‘ U
p{d e
‘\ ‘. g V/Z
d
ut
J o d
d N . -

w 3 Fit of PDF
dgPP—ab — Z [i ® [i® det 0 4 * Coefficients
T o :I (6

+ LHC Data fi({0k})
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SIMULTANEQUS VERSUS SEPARATE FITS

d
ut
J @ d
t L
p
U e — S —
Fit of
Wilson

pp—ab __ . On Aij—mbi
dT Z fz i f] R|do T * Coefficients
1,7 ‘*

T {Ci}
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EXPERIMENTAL OVERLAP

Kinematic coverage

@ Fixed target DIS
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Hartland et al 1901.05965
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EXPERIMENTAL OVERLAP

Kinematic coverage

Fixed target DIS
Collider DIS

Fixed target Drell-Yan
Collider Inclusive Jet Production
Collider Drell-Yan

Collider Z transverse momentum
~  Collider Top-quark pair production
O Black edge: New in NNPDF3.1
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EXPERIMENTAL OVERLAP

Kinematic coverage
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CONSERVATIVE PDFS

Kinematic coverage

@ Fixed target DIS
v Collider DIS
4 Fixed target Drell-Yan
6 < Collider Inclusive Jet Production
10 3 » Collider Drell-Yan
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O Black edge: New in NNPDF3.1
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- Hot to disentangle effects?
= Cut data? Conservative partons?



Ratio to Reference Fit
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CONSERVATIVE PDFS

uat 1.651 GeV

NNPDF4.0 (Q<200 GeV)

1.061 \NPDF4.0

1.04

1.02

1.00

0.98

0.2 0.4 0.6 0.8

» Cutting high Q data would shift
some PDFs significantly
=» rely on old data and on
extrapolation of PDF fits

Ratio to Reference Fit

1.2 1

1.0

0.8 1

0.6

0.4

0.2 -

 Cutting high Q data would
iIncrease PDF uncertainties

=» less precise theory predictions
at the LHC

g at 1.651 GeV

NNPDF4.0 (Q<200 GeV)
NNPDF4.0

0.2 0.4 0.6 0.8
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SIMULTANEQUS PDF AND SMEFT FITS

SH|

d I L ——

e

dOpp%ab:Zfi(X)fj@d&ij_)ab *
| 3

LHC Data fi({0k}) ESMEFT = Lgm + Z 2 (9,56) + -

What’s
the
interplay?
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SIMULTANEQUS PDF AND SMEFT FITS

" The idea: take a PDF fit based on
NNPDF methodology and make
dependence of observables on
physics parameters {c;} explicit via
fast interface before computing
the loss function (e.g. adding
SMEFT corrections, expanding
observables in terms of SM
precision parameters)

Hidden
layer 1

Input
layer

Perform minimisation of loss
function over

6 =6 U{es}

Hidden
layer 2

PDF Convolution

flavours

SM
Observable

SMEFT

step Observable

Linear dim-6 operator

by adding new layer to the deep

N
T(0) = ©({ca}) - L°(8) = TSV(9) - (1 +3° cnRé’;%EFT)

n=1

neural network used in NNPDF

S. Iranipour, MU - arXiv: 2201.07240
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SIMUNET: A GLOBAL PDF AND SMEFT ANALYSIS

SimuNET released open-source with detailed documentation & allow users

https://github.com/HEP-PBSP/SIMUnet

v PDF only fits [NNPDF]

v SMEFT only fits - linear SMEFT

v Simultaneous SMEFT & PDFs - linear SMEFT

dataset_inputs:

- {dataset: NMC, frac: 0.75%}

- {dataset: ATLASTTBARTOT7TEV, cfac: [QCD], simu_fac: "EFT_NLO"}

- {dataset: CMS_SINGLETOPW_8TEV_TOTAL, simu_fac: "EFT_NLO", use_fixed_predictions: Truel}

T ggs R 40 SMEFT operators can be fitted alongside PDFs
~ Top ﬂ
c aw e c c cg ct
T gt 2t é?; Qu
Cup Ctz  Cy C?,gu c%’g cé?d Cit
Cte Cot  CQa 022’; cgg’ Cor Cut
Coe s Diboson +——
Cep r_ EWPO \ \
Coa ¢S Cep U Cou Chy cwww
(-) (3) (=)
CyB C¢Q CowB Cpl  Cypd Cop j
C<pW c Col
we
CpO k i J
L \_ J Y,
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SIMUNET: A GLOBAL PDF AND SMEFT ANALYSIS

gg luminosity
Vs =13TeV |y|<2.5

Ratio to NNPDF4.0-notop

0.90 - "7, SMEFT PDF (global fit) (68 c.l.+10)
'7.77 NNPDF4.0-notop (68 c.l.+10)

0.88 - 'Z=5 SM PDF (global fit) (68 c.l.+10)

o e i
mx(GeV)

v Simultaneous analysis of PDFs and 40 operators in the top+Higgs+EWPO+di-boson
sector using simuNET method shows that WCs are stable, while PDF uncertainties
broaden and PDF fitted simultaneously alongside WCs sits nicely between PDF-only fit

without top data and PDF fit including all data [Costantini, Hammou, Madigan, Mantani, Moore, Morales, MU
- arXiv: 2402.03308]
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SIMUNET: A GLOBAL PDF AND SMEFT ANALYSIS

2 - {
«N | N |
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Loop-Hd +4 **‘* N * **H §H* 3
=
< 4 T
\_ S
O 2 q
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o9~ o o xR Da i TR N R B R = R S6 oYy
— — — : . . o —
~~ SM
= 95% CL SMEFT-PDFs

= 95% CL Fixed-PDF EFT analysis

v Simultaneous analysis of PDFs and 40 operators in the top+Higgs+EWPO+di-boson
sector using simuNET method shows that WCs are stable, while PDF uncertainties
broaden and PDF fitted simultaneously alongside WCs sits nicely between PDF-only fit
without top data and PDF fit including all data [Costantini, Hammou, Madigan, Mantani, Moore, Morales, MU
- arXiv: 2402.03308]
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LOOKING FORWARD: HL-LHC

® Focus on HL-LHC projections for both NC and CC
high-mass Drell-Yan in PDF fits

hllhe __ _th ex ex .
O-'i, C:O',i (1+/\(5£p+’r'z5t0&) y Z:].,...,nbin

1/2
Nsys /

X 2 2
Sonts = | (6797 + D (Freas85T)
j=1

HL-LHC HM DY 14 TeV - neutral current - electron channel

Kinematic coverage
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R top;-quark pair HL-LHC 14 TeV, pseudo datai. -..; ...f..
7L » high mass DY A - .
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- m inclusive jet s § = \..lﬁq m 7V |
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Abdul-Khalek et al, 1810.03639

HL-LHC HM DY 14 TeV - charged current - electron channel

my (GeV)
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Greljo et al, arXiv:2104.02723
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LUOKING FURWARD HL LHC 108 ey ——einematic coverage
- " . HL-LHC 14 TeV, pseudo data
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Greljo et al, arXiv:2104.02723



SECOND EUROPEAN SCHOOL ON THE PHYSICS OF THE EIC AND RELATED TOPICS, BENICASSIM 27T JUNE 2025

FLAVOR-UNIVERSAL MODELS AND DRELL-YAN TAILS

A

* Energy-growing EW oblique corrections in Peorser D _4ﬂ( ) W)z__(apBW)z
high-mass NC and CC Drell-Yan tails. iy
* W and Y parametrise the self-energy of

2
J W0(3) gYY VY 014 +YY, O,
4 2

mW mW

+¥i¥, Of) + ¥o¥3Out + Yoo, O+ ¥e¥, Ope )

gauge bosons: powerful probes of quark-  Lsumrr = Lsu —
lepton contact interactions that produce

effects that grow with energy

[Torre et al, 2008.12978]
Combined bound

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv
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Torre ot al 2008 12707
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FLAVOR-UNIVERSAL MODELS AND DRELL-YAN TAILS

® Similar analysis as in Torre et al, now with L2 | NLO QCD
emphasis on PDF and their interplay with NNLO OCD 4 NLO EW
bounds on oblique operators CMS 13 TeV (u*p~)
[Greljo, Iranipour, Kassabov, Madigan, Moore, Rojo, MU, Voisey: 10°-
2104.02723]
10—2 4
® Settings:
= PDF fit based on DIS (~3000 data points),
Drell-Yan on-shell and low-mass data from 1071
ATLAS, CMS and LHCb (~600 data points)
= + Run | and Il ATLAS and CMS high mass NC 107° - So/dm s - [ob]
Drell-Yan data (~300 data points) _ p - _+_
= + HL-LHC projections
=SM predictions at NNLO QCD + NLO EW 2.0 1
1.5 - -
1.0 4 :
0.5 -
0.0

.'.'.,2 T T ...'..|3

Greljo et al, arXiv:2104.02723
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RESULTS IN THE DRELL-YAN SECTOR

HL-LHC MC data generated assuming law of Nature = SM

250 -

1.5 - Simultaneous PDF
Fixed PDF

1.0 A
0.5 A

0.0 A

—1.0 A

~1.5 ~1.0 —0.5 0.0 05 0 200
W/10~4

Ratio to HLLHC Baseline

1.10 -
1.08 -
1.06 -
1.04 -

1.02 1

I ————avavawawaw.

qq luminosity
Vs =14 TeV

[ HLLHC Baseline (68% c.l.)
1 HLLHC WY PDF (68% c.l.)

102 | | S .1(I)3

My (GeV)

v Simultaneous analysis of PDFs and Drell-Yan sector Wilson coefficient in the context
of universal parameters of DIS + DY (including HL-LHC projections) using simuNET
method shows if HL-LHC projections were generated by using a SM model, then WCs
bounds broaden and PDF uncertainties change significantly once SMEFT effects
allowed in theory predictions entering PDF fit

[Greljo et al 2104.02723] [Iranipour, MU 2201.07240]
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CAN PDFS ABSORB NEW PHYSICS?

do / dM,, [pb/GeV]
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27T JUNE 2025

* Imagine instead to generate artificial data
injecting a given underlying law:
“True” law of nature =
“True” PDFs + “True"” BSM model

* Can inject directly UV model or W/Y
SMEFT parametrisation in the region in
which SMEFT approximation is good

* Fit PDFs assuming SM

e If fit quality of BSM (data) with SM (theory)
does not deteriorate with respect to SM
(data) with SM (theory) and PDFs deviate
from SM PDFs then the BSM signal is
absorbed by the PDFs!

2
’ gW’ apu _ a U
W —_— ) J — ]-a
v gSMEFT_gSM_ZM%V,JLa”JZ’ﬂ L %fL r'f
g7
z 87 )
X Zsusrr = Zsu M2 lvw =Y virr
f
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CAN PDFS ABSORB NEW PHYSICS? YES!

2

7TH JUNE 2025

* The fit-quality of the global fit is unchanged even with signal from Mw’ = 13.8 TeV
injected in all data (mostly visible in HL-LHC NC and CC Drell-Yan data)

* Once we go beyond this point ,the fit-quality deteriorates due to the HL-LHC neutral
current and charged current Drell-Yan artificial data.

* Already for Mw’ = 13.8 TeV the gqg~ luminosity shifts far beyond the PDF uncertainties
because anti-quark PDFs at large-x compensate or “fit away” the effect of New

Physics and we would not know in a real fit.
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E. Hammou, et al 2307.10370
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Max BSM bias
allowed for this
model by global fit
without spoiling fit
quality
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Mw’ =13.8

This NP-induced
inconsistency
would

be spotted
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PHENOMENOLOGICAL CONSEQUENCES

* The fit-quality of the global fit is unchanged even with signal from Mw’ = 13.8 TeV
injected in all data (mostly visible in HL-LHC NC and CC Drell-Yan data)

* Once we go beyond this point ,the fit-quality deteriorates due to the HL-LHC neutral
current and charged current Drell-Yan artificial data.

* Already for Mw’ = 13.8 TeV the qg~ luminosity shifts far beyond the PDF uncertainties

because anti-quark PDFs at large-x compensate or “fit away” the effect of New
Physics and we would not know in a real fit.

20l SM PI:I)FS I ® BSMMc:deI,W=8-104_ IBSM l ® BSMMc:deI,W=8-104

@ SM Model, W = 0 @® SM Model, W =0
68% CL

biased 4 sxa
PDFs Mean of W = 0.17

Consequence #1:
Would not see indirect

68% CL

+H 9s%cL

=
Ul
T

Mean of W = 0.80

effect of new physics as we

Number of replicas

. Deviation f SM: o Deviation f SM:
would find SMEFT bounds 10r noaga T iy Shbel
. . Deviation f BSM: Deviation f BSM:
compatible with the SM! peviaton from ((Beviatiep rom BSi)
True model excluded! 1
4 0.5 0 15 20 0O 05 ¥ Lo 15 2.0
*W (x 10%) W (x 10%)

SM BSM model
E. Hammou @HEFT2024
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PHENOMENOLOGICAL CONSEQUENCES

* The fit-quality of the global fit is unchanged even with signal from Mw’ = 13.8 TeV
injected in all data (mostly visible in HL-LHC NC and CC Drell-Yan data)

* Once we go beyond this point ,the fit-quality deteriorates due to the HL-LHC neutral
current and charged current Drell-Yan artificial data.

* Already for Mw’ = 13.8 TeV the qg~ luminosity shifts far beyond the PDF uncertainties
because anti-quark PDFs at large-x compensate or “fit away” the effect of New
Physics and we would not know in a real fit.

107 T
—— Truth
[0 Theory
106 § Data
Consequence #2: 10 X2/Ngar = 2.194
Would see New Physics 3 no=3.044
effects where there are none 104 )
(for example in WW) 103
-
S 1.25F
2
100 ey -~ g~~~ B S N—
N ' '.
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§ 0025 | == Systematic error
LIL.I _________________ R
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HOW TO AVOID NEW PHYSICS “CONTAMINATION™

* LHCb on-shell at high rapidity data do not help as quark probed at large x, antiquark at
small x

* If we fit giving more weight (artificially increasing statistics) of fixed-target DY data on
proton/deuteron the BSM-induced inconsistency would be flagged

* Need more accurate low-energy/large-x constraining measurements to really
disentangle such effects

Flat direction in the anti-quark at large-x: FTDY data weighted
5[ . i
= Accommodates PDFs to artificial data = Unweighted
with BSM injected i Weighted on FTDY data
al 1

= Allows for BSM bias in qgbar

S Contamination flagged
luminosity

3tk

Including lower-energy large-x data:

e Constrain large-x region

e Safe from BSM contamination 0 FTDY HM DY HL-LHC DY

[Hammou, MU, 2410.00963]
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EIC TO THE RESCUE

Observable Niat Vs [GeV] | L [fb71]

Charged Current
e +p—v+X) 89 (89) 140.7 100
Glet+p—o v+ X) 89 (89) 140.7 10

Neutral Current (proton)
e~ +p—e +X) 181 (131) | 140.7 100
181 (131) |  63.2 100
126 (91) 44.7 100
87 (76) 28.6 100
et +p—et +X) 181 (131) 140.7 10
181 (131) |  63.2 10
126 (91) 44.7 10
87 (76) 28.6 10
Neutral Current (deuteron)
Gle”+d— e + X) 116 (116) |  89.0 10
107 (107) | 66.3 10
76 (76) 28.6 10
et +d— et + X) 116 (116) 89.0 10
107 (107) |  66.3 10
76 (76) 28.6 10
Optimistic / \ Pessimistic
scenario scenario

Kinematic coverage

[Hammou, MU, 2410.00963]
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R. A. Khalek et al, 2102.00018

handles on up and
down quarks at
medium-large-x
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EIC TO THE RESCUE

27T JUNE 2025

Ng
-2.8 0.0 2.8 5.7 8.5 11.3
- - . . 71 Standard Model
=14 TeV 0 £=21 My =13.8 TeV + FPF
1.0l '!35 B My = 13.8 TeV + EIC |
1.0 - - = > Ib“‘
" S 208 R BSM data
L c "‘
=) S ‘e flagged
a 0.94{ [Hammou, MU, 2410.00963] o )‘0‘{
s g 0.6} ;0004
N s XX
O 0.8 ')‘0’4
p 0.4r XD
o ——— SM PDFs 7004
= ] My = 13.8 TeV (HL-LHC) (68% c.|.) "0“
o 9771 =5 My =19.5 TeV (HL-LHC + EIC + FPF) (68% c.l.) 0.2 .‘0‘
My = 17.4 TeV (HL-LHC + FPF) }’Q‘A
0.6 My = 15.9 TeV (HL-LHC + EIC) 0.0 X -
' o e 0 1 2 3 4 5
101 102 103 X?/Ngat

My (GEV)

® Including the EIC artificial data alongside the HL-LHC ones reduces the
luminosity

® The HL-LHC data with Mw’' = 13.8 TeV injected would be excluded from
theoretical description with the SM would be too poor and the data wo
Inconsistent

BSM-bias in PDF

the fit as their
uld be considered

® EIC inclusion would push the threshold of BSM bias up to Mw'~20 TeV and would make the

effect on PDFs much smaller
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EIC TO THE RESCUE

v Potential BSM effects, which might otherwise be absorbed into the PDFs, can be
disentangled in high-energy measurements by incorporating EIC measurements in a global

PDF analysis
v This minimises the risk of BSM-induced bias in PDF fits and allow for more consistent
identification of BSM effects in high energy data, which can then be analysed separately.

3 CC DY HL-LHC ratio over SM predictions
1. - || 1 1

—— BSM signal / Gsy ® fasm

e BSM signal / OA'SM ® fEIC+FPF

6-BSM ® gSM ~ 6.SM ® gBSM 1.2 [ —— BSM signal / dsy ® foy i

Statistical uncertainty
he,
e
©
a'd

1.1k~ SM prediction .
Gpsu @ Lsy 7 Osu ® Lpicsrpr | g —=

B BSM deviation | 1
visible %
0.7F _

200 1000 2000 3000 4000
my [GEV]

0.9 —

My, : 13.8 TeV

25

[Hammou, MU, 2410.00963]
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SIMULTANEQUS FIT TO THE RESCUE

140

=
o N
o O

Number of replicas

PDF viewer

ud + dd luminosity
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@ SM Model, W =0 ' 77 Baseline (68% c.l.+10) /ll
68% CL '\ Contaminated W=8e-5 (68% c.l.+10) A
_|_|_ 95% CL ™ 1 Contaminated W=8e-5, Simu fit (68% c.l.+10) /’ ,!
1.05 A -
7 o
i % 1.00 NN
Deviation from SM: =
ne = 3.9 2
7 © 0.95 1
et
(]
o
0.90 1
1 0.85 — e
1.5 2.0 101 102 10°
my (GeV)

W (x 10%)

E. Hammou @HEFT2024

v Simultaneous analysis of PDFs and Drell-Yan sector Wilson coefficient in the

context of universal parameters of DIS + DY (including HL-LHC projections) using
simuNET method shows that if HL-LHC projections were generated by using a W’
BSM model, the simultaneous fit would be able to find the “true” SM PDFs and the
“true” SMEFT value!

[Costantini, Hammou et al - in preparation]
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SUMMARY AND OUTLOOK

"\ Run/Event: 194108 / 564224000

II ° °
Great d ISCOVeries
' Data recorded: 2012-May-13 20:08:14.621490 GMT g I/

which seem to mark
the end of a story,
mark in fact the
beginning of a new,
more extraordinary
one”

G. llioupoulos

With about one billion events per second and more than 20 years of
data taking from now on and so many data still to analyse, surprising

understanding & new discoveries might be just around the corner!
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HINTS IN LEPTON FLAVOUR UNIVERSALITY VIOLATION

d d SM
I _ B—)H,u U )
qmax 2
B(S) b w_ s KO Jor dg* [/
t . Ry = fqmax dB(B — Hete™) 402 =1
A ‘ Tinin dg? 1
-

o= Bk merer gy

BaBar -
0.1 < g2 <8.12 GeV¥c* 5
=
. Belle <
10< ¢2<60GeV¥ct | [S
N
: —
: )
: o
A0 . LHCb 9 b’ =
. : 1.1< ¢*<6.0GeV/c* ||
1 1 1 1 I 1 1 1 | I ' 1
05 1 1.5
RK

= Similar deviation pattern observed in bottom-strange-, bottom-down-, bottom-up-leptons
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HINTS IN LEPTON FLAVOUR UNIVERSALITY VIOLATION

R(D%*)
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[ ——— LHCb, FPCP2017 R(D)=0.299(11) FNAL/MILC (2015)
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= Same tension in the charged current
channel (no loops involved)
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Rp« =
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w &,

GLOBAL TENSION WITH THE

SM OF ABOUT 3.1
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HINTS IN LEPTON FLAVOUR UNIVERSALITY VIOLATION

= Same tension in the charged current

*A N l Ll L] L] Ll L] L) L) 1 L] L) L] L] l 1 L] L] Ll ' _
o 05F Bolle. PRDS2OTOIAG01S) . Ax? = 1.0 contours g channel (no loops involved)
& - LHCb, PRL115,111803(2015) SM Predictions .
o Belle, PRD94,072007(2016) _— ] *
0.45 -~ ~——— Belle, PRL118,211801(2017) R(D)=0.300(8) HPQCD (2015) . R . B (B — D TVr )
-~ = LHCb, FPCP2017 R(D)=0.299(11) FNAL/MILC (2015) - D* = "
04 TN Average R(D*)=0252(3) S. Fajfer et al. (2012) B (B — D ,ul/'u)
S et - ¢
035 — 114 ”
- . RN b
03F 3 h= &
025 - re—
: % GLOBAL TENSION WITH THE
02p PO =T16 SM OF ABOUT 3.10
0.2 0.3 04 0.5 0.6
R(D) q
Aa,'u = CLZXP — a,EM Lepton magnetic moment ji: H = —ji+ B
i g—5 (s 16’ (spin)
= —95— 3 — a
_ 2m 2
ap = ((9—2)u)/2

where

Anomalous magnetic moment: a = (g — 2)/2
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HINTS IN LEPTON FLAVOUR UNIVERSALITY VIOLATION

— — T = Same tension in the charged current
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TENSION WITH THE SM
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LEPTONS IN THE SM

(1) Flavour changing charged b— ct Uy (B — D(*)frz/, . )
current
NP NP NP " ;J ‘
|C7' | > ‘Cu |7 |Ce | ASM — 5 5 3
B D /D
q q
(2) Flavour changing neutral b — stl
current
NP NP s s
CL > |G Bg : )

Asm= " ¢

NP NP . /
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(3) (g-2) of the muon versus (g-2) of the |CIEIP| > ‘C§P|
electron
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SIMPLIFIED MODELS

>WV\M\< Gauge singlet, spin 1

U b U
\/

Scalar Vector
leptoquark | leptoquark

SA,U \) H

Colour triplet, spin O Colour triplet, spin 1
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SIMPLIFIED MODELS

5@ Q) TumLe)
1

E(QL'YMUAQL)(ZL’YMO'ALL)
A ~ 30 TeV

ApsA,, 1
m, (30TeV)?

AbpAsp N 1
mE  (30TeV)?

EXAMPLE OF A SMEFT FIT

FOCUSSED ON TWO OPERATORS

>W\M/\< Gauge singlet, spin 1

\/'u
Scalar
leptoquark |

s/\/l

Colour triplet, spin O

b H
Vector
leptoquark
s p

Colour triplet, spin 1

68% CL
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—  5%PCerr
-- 20%PCerr
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A FULLY AUTOMATED SIMULATION CHAIN

TH ©
_ @ Physics and software validations streamlined
_ @ Robust and efficient Th/Exp communication
_ @ It works top-down and bottom-up

One path for all

including merging with the parton - EXP
shower in multi-jet final states, for _

Complete automated LO (and now
NLO) calculations available,

SM as well as for BSM physics.



