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Outline

o Standard Model Extension (SME):
an effective field theory which allows the incorporation of Lorentz and CPT violation

e Why looking for Lorentz and CPT violation?
o Lorentz Violation in the quark sector: Deep Inelastic Scattering and Drell-Yan

o EXxpected sensitivity at electron-proton and proton-proton colliders:
+ DIS at HERA (ZEUS, H1) and EIC
+ DY at LHC (Atlas, CMS)

e Results of DIS analysis using ZEUS entire dataset

e Constraints on top quark properties at LHC
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The problem with interpreting Lorentz and CPT tests

e A consequence of CPT invariance is the equality of particle and antiparticle masses

> Is there some parameter that the om, = — 0.15 £ 0.20 GeV
measurement constrains?

t 1P -=0(1/2%)

Charge= 2 e Top=-+1

e i » Conventional Lorentz invariant QFTs preserve CPT: it is not
e possible to write different mass terms for particles and
:g:a‘::':ﬂ?s‘:s(‘;irect Measurements) 172.57 £ 0.29 GeV (S = 1.5) antl partIC|eS

Pl Mot rom Crocs s Messrements o b » The Standard Model Extension (SME) is the only framework
—— "0.15 + 0.20 Gev (5= 1.1) (as far as | know) in which these kind of measurements can
t-quark DECAY WIDTH 1.427017 GeV (S = 1.4) be interpreted

e A similar problem appeared in studies of anomalous triple and quartic gauge boson interactions

> Early studies focused on simply modifying the vertices (£ .4 € gwwv Ky W; W, V# + ...) which had
issues with Gauge invariance and unitarity (requiring form factors and other ad-hoc solutions)

> Modern approach uses the SM Effective Theory (SMEFT) in which SU(2) X U(1) invariant higher
dimensional operators are introduced, thus bypassing entirely issues with gauge invariance and unitarity
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Building the Standard Model Extension: basic idea

e The SME was originally formulated in the context of Spontaneous Lorentz Symmetry Breaking

e |In presence of tensor fields with non-vanishing vacuum expectation values we get interactions like:

neglecting the fluctuating
part of the tensor field

CHv
M(x) P (x)y,0p(x) = ((C*(x)/M) + 5C*™(x)) i)y, 0, p(x) = ™ Px)y, 0 p(x)

c#v [coefficient for Lorentz Violation]

e In 4-dimensional QFTs it is difficult to construct models in which tensor fields acquire dynamically a non-
zero vacuum expectation value (vev), with some exceptions if gravity is included in the picture

e In the original papers of Kostelecky & Samuel these tensor vev’s have been shown to appear quite

naturallv in Strina Theories. [Kostelecky, Samuel, hep-ph/8806276]
y J [Kostelecky, Samuel, hep-ph/8909364]

e In this context the “natural” order of magnitude of these coefficients is connected to the ratio of the
tensor vev’s to typical String scales:

(TY Mgy 10* GeV

-~ ~ 10—17
M Mp,.. 1017 GeV
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The renormalizable SU(3) X U(1) sector of the SME

e The modern approach is to focus on the low-energy effective theory and not to give too much weight to the

Spontaneous Symmetry Breaking picture [Kostelecky, Potting, hep-ph/9501341.
[Colladay, Kostelecky, hep-ph/9703464]

[Colladay, Kostelecky, hep-ph/9809521]

* If we consider only renormalizable operators, the SU(3)xU(1) gauge, lepton and quark sectors are (y = u, d, e):

1 1% 1 a a, v 7. .
Lon =~ Fu P — 2G, G 4 (1D, — my )y
1

1 _
0LSME = _ZK;’)\MVFﬁAFMV - EKZAWG?;/\GZV + ("D, — M)
where T# = ¢y 4+ d"ysy +et + if”}/5+%g“ﬂ/"0aﬁ
1
M=a,y"+b,ysy" +-H “ﬂaaﬁ
D, is the standard QCD & QED covariant derivative

e We need two consider two distinct types of Lorentz transformations:

» Under observer transformations the SME Lagrangian is a scalar: for example wy*y and a, are both 4-vectors

» Under particle transformations yy*y is a 4-vector and a, do not transform
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Observer vs Particle transformations

e Arotation of the observer cannot be distinguished from an opposite rotation of the system

indistinguishable
from observer
point of view

L = observer (reference frame) ' = particle (actual physical system)
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e |In presence of a directional background, the two rotations are inequivalent

distinguishable

\4

measurable

L = observer (reference frame) ' = particle (actual physical system) = Lorentz-violating background field
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Observer vs Particle transformations

e Observer transformations are just a change of coordinates and observer invariance is simply
the statement that the physics is independent of the choice of coordinates

o For instance, lets consider the action for the massless QED section of the SME on a curved manifold:

_ 1 a U av I 3 A g ; 1% 1% _
S = Jd4x, [—g (DA, — D,A)DAs— DsA) (88" + 1P + i i y,ef (D, — ieA,) (g +c" W

Christoffel connection Vierbein (tetrad) Spinor connection

* The requirement that S is a scalar under change of coordinates (physics depends on e h) requires that

e, c*¥ and K"P are rank 0, 2 and 4 tensors under general change of coordinates

* |f we limit to flat space time (connections — 0, ec‘f — 55) the theory is only invariant under observer Lorentz
transformations and ¢, c** and **“/ are Lorentz tensors of rank 0, 2 and 4

o Particle transformations act only on the system (and not on the reference frame nor the background fields).
For instance, they connect a muon produced at rest with a muon produced with a boost ¥ in some direction.

o One of the consequences of this fact is that, in presence of coefficients for Lorentz Violation, the lifetime of a
boosted muon and of a muon at rest seen by a boosted observer are different
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Physical coefficients

e Not all coefficients introduced above are physical
o Some coefficients can be eliminated via a field redefinitions like:

P(z) = e P (a)

?ﬁ(a?) — [1 T ”U(:E) F]ZD(CE) with I'=~%, 5%, g0
= In this way a, and the antisymmetric part of c,v can be eliminated

e Some parts of the coefficients are not LV. For instance, even after removing its
antisymmetric par’[ we have: Cuv = [C,uv]trace/ess & symmetric + A Nuv
Lorentz Violating Lorentz Conserving

e Some coefficients can be eliminated via a choice of coordinates:

1 _
L=—7 (KM 4 M) EonF + (0™ + ) py,iDy1p

1
ot — ot — —gY  x
2 0%

|74

Y 1 1% 1% 1% 1 QL . -
L = _ZFM F,,+ (77“ + Y+ ok /ww)wvuzD,,w

We can choose one sector of the SME to define the scales of the four coordinates
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The Standard Model Extension (SME)

o Standard Model Extension: an effective field theory which has exact observer Lorentz covariance and

that contains explicit preferred directions [Colladay, Kostelecky, hep-ph/9703464
[Colladay, Kostelecky, hep-ph/980952]
[Kostelecky, hep-th/0312310

o If we restrict to renormalizable interactions: this theory is called the minimal SME

e The advantages of this approach include preservation of:

+ Standard Quantization + Positivity of the Energy

+ Microcausality + Power counting renormalizability

+ Spin-Statistic Theorem + Conservation of Energy-Momentum for constant Lorentz
+ Observer Lorentz covariance Violating vacuum expectations values

» Hermiticity

e Note: the minimal SME is a renormalizable theory with the same particle content as the SM!
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Motivations

Strategies used to explore physics Beyond the Standard Model in the last many decades:

e New UV complete theories
- Introduce new particles and symmetries
- Write down the most general Lorentz invariant renormalizable Lagrangian
- E.g.: extra Higgs bosons, Supersymmetry, Little Higgs models, Vectorlike fermions, ...

o Effective theories

- New patrticles are too heavy to be directly detected
- Their effects appear via modification of the coefficients of non-renormalizable operators

- E.g.: Standard Model Effective Theory, Weak effective Hamiltonian (flavor physics), ...

e Backgrounds
- The discovery of the Higgs boson very strongly suggests the existence of fundamental backgrounds
- Most studies focus on “Higgs-like” backgrounds: isotropic, homogenous and charged under some symmetry
- The SME can be considered as a theory of “generalized backgrounds”
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Motivations

The SME is also the effective theory that describes all kind of physical backgrounds

dark-matter halo

Sun-Earth system

Enrico Lunghi

oalactic disk

&

N

W

In Sun-Earth system frame, a velocity-dependent dark matter
“wind” is observed

Produces dalily variations ( “rotation violation”)
Produces annual variations ( “boost violation™)

In this example, dark matter interactions are Lorentz invariant,
but lead to apparent Lorentz violation!

Explicit implementation in the context of ultralight dark matter
[Jiang, Pecjak, Perez, Sankaranarayanan; 2404.17636]

= If the DM mass is < 1 eV, the DM field ¢ is essentially a
classical background

= ¢p and SM particles interacts via dim=8 operators suppressed
by powers of some heavy mediator scale M

= The resulting effective interactions are SME interactions with
mq%qbz
Cp ™ vz Vv, —n,,14) ~

PDM
— (

Yz vV, — nﬂy/4)
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Search strategy: sidereal oscillations and Sun Centered Frame

Bluhm, Kostelecky, Lane, Russell PRL 2002

e The rotation of Earth through a
constant directional background
generates a time dependence with
period equal to the sidereal day:

T4~ 23h56m

S

o All coefficients are constrained In

the Sun Centered Frame defined
with respect to the 2000 spring
equinox:

March 20 2000 at 7:35 am UTC
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Existing Constraints

o Experiments that focus on the properties of stable particles (electrons, muons, protons, neutrons, photons)
yield very strong constraints:

B 1 n—14 — 32" 1 —20 28" _

K < 10777 —=107° Chroton < [1077 =107 ch < 107
v 10— 17 —21° 1n—13 —29°
Celectron < 10 o 10 | C/rfeyutl‘on < 10 o 10 i

o Complete list of existing constraints is kept updated in:
Data Tables for Lorentz and CPT Violation
Kostelecky, Russell; Rev.Mod.Phys. 83 (2011) 11-31, 0801.0287v17

o Coefficients in the quark sectors are almost completely unconstrained due to the difficulty of accessing
qguark level transitions directly.
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https://arxiv.org/abs/0801.0287

The QCD sector of the SME: renormalizable vs non-renormalizable

o We focus on the following SME terms (with dimension d=3,4,5):

v uw The SME coefficients originate at
0L = _’C QlL}’ﬂD Quty yic, U RVuD UR+ Lc DRVMD Dr scales higher than the EW breaking

one and need to be introduced in
—Liar PG, y,iD D0y~ ~ia P Uy iD oiDyUp——~ia " Dy, iD ,iDyDy terms of SU(2) x U(1) fields:

20 2 Y are doublets and (Uy, Dp, 15, Bp)
—ClQ3 Q3L7’,4Q3L_ ay TR}/ﬂTR—aB BRVﬂBR are singlets
1 _ < 5 M . |
_ Z [2q (C’W+}/5 dﬂy> l}/ﬂqu—— ( ( )/mﬂ_l_y b(S),uaﬁ) qyﬂlD ZDﬂql ass eigenstate basis
p— P ICPT
) at + | —
— Z q (a]f‘ﬂs b}") Y4 TR R
q=t.b ch + | +
a |-
® Note that only three of the four mass eigenstate coefficients are independent. G | 4 T
. _
UV __ (MU 117% MU __ (MU WU pOuap | | _
- c;” = (CQ + ¢ )2 d” = (CQ Cpy )2
or instance:
65” = (cg” +¢.7)/2 d;,‘” = (cg” — )2
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Lorentz Violation in the quark sector

o Several strategies have been proposed to study LV coefficients in the quark and gluon sectors:

+ Using Chiral Perturbation Theory to connect quark/gluon and hadron coefficients
[Kamand, Altschul, Schindler, 1608.06503 and 1712.00838]
[Altschul, Schindler, 1907.02490]

+ Study of hadronic properties sensitive to short distance physics (e.g.: meson-antimeson mixing)

[Kostelecky, hep-ph/9809572]
[DO collaboration, 1506.04123 and 1608.06935]

+ Study of Lorentz violation in top decays and top hadrons
DO collaboration, 1203.6106]

Berger, Kostelecky, 1509.08929]
‘Altschul, 2005.14099]
Belyaev, Cerrito, E.L., Moretti, Sherrill, 2405.12162]

+ Constraints on quark coefficients from their impact on photon propagation (i.e. finite loop effects and mixing).
[Satunin, 1705.07796]

+ Exploit asymptotic freedom at large energies to express electron-hadron and |
hadron-hadron cross sections in terms of calculable Hard Scattering Kernels < This talk
(which depend on the LV coefficients) and universal Parton Distribution Functions
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Using xp71to connect LV in quarks and hadrons

e |n order to connect quark and nucleon coefficients one can attempt a spurion analysis in which the coefficients for
Lorentz violation are assigned chiral transformation properties

e Focusing on the Cu coefficients, one can write:

5£SME — Z.QLCZU/’V,LLDVQL =+ Z.QRC}L{V/Y,UJDVQR

» Crucial observation: C}", explicitly break SU(2), X SU(2)y

* Strong Isospin invariance can be formally restored by assigning: C;"* — U, C}" UZ and C" — UrCr* U;

e The idea is to “upgrade” the coefficients Cz‘” to non-dynamical fields (called spurions) and assume that they

R
are the only source of explicit SU(2); X SU(2), breaking

* |n this framework the quark c¢** coefficients induce corresponding coefficients for the proton:

1 _ 1
pr | (1) Q)| (1 pv — D Q)| (1 pv
¢, = |z’ +a|(c, +c, )+ 2a + a (ch+cdR)

where the a'!"?) coefficients are non-perturbative and expected to be O(1)
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Light Quark Sector

Nucleon

Nucleus




Lorentz Violation in the quark sector: high energy interactions

e Lorentz and CPT violating terms we consider:

<>
0F = 2 [ (c”” +7s df ) l)/ﬂDyl//f—— ( f(s)”“ﬂ +7s b(s)”“ﬁ ) Wf}/ﬂlD(alDﬂl//f]
f=u,d,s

e We will discuss:

» Constraints on c]ff” and af(s)’w‘ﬁ (f = u, d, s) from Deep Inelastic Scattering (DIS) measurements at ZEUS

(Neutral current DIS is controlled by photon exchange) and expectations for the Electron lon Collider (EIC)

Kostelecky, E.L.,Vieira, 1610.08755]

E.L., Sherrill, 1805.11684]

Kostelecky, E.L., Sherrill, Vieira, 1911.04002]

ZEUS collaboration (including E.L. and N. Sherrill), 2309.02889]

 Prospects for constraining c]ﬁ“’ , djﬁ“’ , af(s)”“ﬁ and bf(s)’mﬂ (f = u, d, s) coefficients using the Drell-Yan process
pp — £ — uu at ATLAS.

Kostelecky, E.L., Sherrill, Vieira, 1911.04002]

E.L., Sherrill, Szczepaniak, Vieira, 2011.02632]

E.L., Sherrill, to appear]

ATLAS collaboration + E.L. and N. Sherrill, in progress]
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Lorentz Violation in the quark sector: high energy interactions

e Lorentz and CPT violating terms we consider:

<>
0F = 2 [ l//f<c””+}/5 ) l)/,uDyl//f—— ( f(S WP 4y b(s)’mﬁ ) Wf}/ﬂlD(alDﬂl//f]
f=u,d,s

* Deep Inelastic Scattering and Drell-Yan (both y and Z) cross sections:

Oprs Z de asql\iEex(f) fq(cf) Unexplored issue: we could not exclude the
possibility that the PDFs, f_(x), depend on certain

light-cone projections of the coefficients.

Oy Z Idfldfz GME 6L ED £, (EDF(E)

q1-4>

- »
N Od

o = insertion of a SME

o1 coefficient

0
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Lorentz Violation in the quark sector: DIS

<>

1
° X = Eéyﬂ(g"” + )iy, D q
e The quark dispersion relation is modified:

k" + c™)n,, + ¢, )k = Kk, = 0 J \\

* In the proof of factorization we need to take k such that k* ~ A2

* Covariance forces the choice: k* = &P
* Taking the imaginary part of the internal propagator (k¥ = k + ¢g) forces k? = (k + §)° ~ A

e The proof of factorization is almost identical to the SM case after transforming to a modified Breit frame
defined as the P — g center of mass frame

e The parton distribution functions become'

o

f(n -k, P*, c*) = A it AP l/f(/in) SW(O)| P)

/) 27

( n.-k ¢ ntpPv CWP”P”> ( (n - p)Z) + light-cone projections of the coefficients

U
,— : g, C, N, ¢, it . _
n-P n-pP A2 H A2 » potential non-perturbative enhancement
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Lorentz Violation in the quark sector: DIS

* The DIS cross section is do = L, W**, where L"* and W** are the leptonic and
hadronic tensors (the latter is expressed in terms of W, and W,)

1
(& Tr[y*y*yPy]
o Inthe SM: TW ~ | =220 Fu < v, q < —
nthe SM: T L : Q,cfPa(cfPﬁ+qﬁ)(5P 71 ie (e v.q q)
1
Ji&, ) Tr[[*T*ITY]
® . MUN . I VALY > —
In the SME: T J'O : O, 5Pa(§Pﬁ+qﬂ)(5P 2+ ie (< v,q q)

where I'* = y* 4+ ¢y, and W#** = Im|[T""]
* The trace in the numerator is simply expanded keeping only linear terms in c**

+ We need the imaginary part of the denominator:

I 1 o o _ o
PG O R D= gy [+ e

Yields terms proportional to the
derivative of the PDFs

Enrico Lunghi

x_—ZP-q
- "

IS Bjorken-x
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Lorentz Violation in the quark sector: DIS

e Deep Inelastic Scattering (af(s)””“) cg
[A. Kostelecky, Z. Li; 1812.11672] %)
g’

=

Q2 =10 GeV?-

[Kostelecky, E.L., N. Sherrill and A. Vieira, 1911.04002]
@ These coefficients have dimension (Mas.s)_1 and they appear |
multiplied by the typical energy scale of the process: 0.8

on general grounds we find enhanced sensitivity in higher-
energy experiments (LHC > HERA > EIC)

0.6

@ These coefficients are CPT-violating, implying that the

cross section depends on the difference g(x) — g(x): 0.4

> no sensitivity at low x where sea quarks dominate and i
q(x) ~ q(x) 0.2

> no sensitivity to strange quarks for which f(x) ~ f:(x)
for all x.

0 | lIIIIIII | IIIllIlI L1 1111l

10 10° 1072 10™ 1
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Lorentz Violation in the quark sector: Drell-Yan

[Kostelecky, E.L., Sherrill, Vieira, 1911.04002]

o Drell-Yan (c]ﬁ” and d/“’) [E.L., Sherrill, Szczepaniak, Vieira, 2011.02632]
do 4na’ @ | & m2/Q? I — 4sin?6,, 1 L+ (1 —4sin6,) .|
— = dx—6,+(L = R
dQ? 3N. ; 2Q4 (Q2 — mZ)2 + m2I'% 4 sin? Oy, cos? Oy 8L (0% — m3)> + mzl'5 32 sin* Oy cos* Oy, gf L L x / ( )

2 J
Op = (1 + ?cf’f(l + x%/7)(p, WP1y + D1y + (P © pz))) []}(x)]jz(f/x) + ]}(T/x)];z(x)] - Co = CuL = Cqr.

Cuy = CuR
2 T _
g (xplﬂpw +—piupay + (g © p2>> FOOf(e0) + [l o) D = Car
» Focus on the Z pole where cross section is resonant and is sensitive to both c]ﬁ““ and d”” coefficients
The QED part is L-R symmetric implying that only = (c”” C'W ) = ¢ and 2(C’W c”” o) = cg” appear

The Z contribution is L-R asymmetric implying sensitivity to (c”” — i) = d" and : (c”” - c”‘” o) = d””

> In the lab frame cross section depends only on the cj?3 and C;)o coefficients
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Lorentz Violation in the quark sector:

* Interactions involving the c#* and d"* coefficients are: o

| PN 10
S + ¢+ dTys)y, 0y
o
» The fermion propagator can be written as: % |
~ 0.100 -
ik ikR °
———»— =P — 4+ Pr—— 0.010

k? k2
L R i
TH  — (MY L pHV - JHY it S
Where kL,R (77 +C —d )ky 20 40 60 80

Q |GeV|

= Left and Right chiral components obey different dispersion relations!

* |n parity conserving theories like QED and QCD all d** effects vanish for unpolarized initial state
(because of cancellation between left and right contributions).
This is the case for electron-proton DIS and Iow-q2 Drell-Yan.

e Drell-Yan on the Z-pole offers a unique opportunity to constraints quark d"** coefficients
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Lorentz Violation in the quark sector: Drell-Yan

[A. Kostelecky, E.L., N. Sherrill and A. Vieira, 1911.04002]

e Drell-Yan (a S)uva g0 q b(S)/wa) [E.L., Sherrill, Szczepaniak, Vieira, 2011.02632]
f [E.L., Sherrill, to appear]
do Aror? i ef /Q2 1 — 4 sin? O | 1+ (1 —4sin? QW)2 _ 1
5 = dx=6+(L — R
dQ?* 3N, ; 204 (Q2 — mZ)2 + m2I'% 4 sin? Oy, cos? Oy LT (Q? — m3)> + m3l'% 32 sin* Oy cos* Oy, gf | e ot )

= (14 At 200 i 212) — — [A40 e120fx,70) + Ay, o, 1)

A¢x,t/x) = E (X + T/X)( é?“o + a;;)220>
L L

Au(x, 7/x) = SE, [ 5(x = 7/x)(x + T/x)2< ag™ + a§]§L>033> + a0 — 1/x)(x* + (T/x)2)]
Ay o) = =S, | 266 = 200 4 390 - (2 = 3062 + 1)@ + a0

> As expected the a®) and b coefficients appear multiplied by the proton energy £,

> Both symmetric (f5) and antisymmetric (f,) combinations of parton distribution functions appear: residual
dependence on strange quarks (albeit not as 1/x enhanced as the up and down one)
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Sun-centered vs lab frames

e The tensor C,, as it appears in our equations is related to the corresponding
tensor in the non-rotating inertial frame by a spatial rotation:

+1 0 0\[cosp sing 0)[cosSxcoswglg cosy Sin wg, Tg, —siny
R=10 0 1||-sing cosgp O —S1N W COS g, 0
0 1 0 0 0 O0)\sinycoswgTy sinysinwgly cosy

where y is the colatitude of the experiment, wg, = 27/(23h56m) is the sidereal frequency, T, is the local

sidereal time, @ is the orientation of the experiments (for symmetric pp colliders) only the direction of the
beams matters

e The c]fj and cj?i components of the cj’f” tensor are given by C;{L% ki and chK%iK, where

c]‘ﬁ‘B (A,B=T,X,Y,7)is the tensor in the Sun-centered frame

Enrico Lunghi
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Sun-centered vs lab frames

e The tensor ¢, in the lab frame (that appears in our equations) is related to the corresponding tensor in the

Uy
Sun Centered Frame by a spatial rotation. For instance:
00 TT
CrLR = fLR
2 77
fLR (chR + ch R) (cos ¥ sin®y + cos l//)+chR sin? y sin® w

) c R sin y sin cos x siny cos(Q47 ) + cosy sin(Q@T@):

~2 c R Sin y sin y cos x siny sin(€2 47 ) — cos y cos(£2 T@)_

+ch P [(cos ¥ sin®y — cos” y)sin(2Q olg) — oS y si(2y)cos(2£2 Tea)]
1

4 — (ch R~ CrL R) [(cos ¥ sin? Y — COS w)cos(2£2 T ea)

+cos y sin(2y)sin(2Qg T)| -

* The 11, XX + YY and ZZ components are time independent and can be constrained by existing analyses
without need for a dedicated sidereal time studies
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Sun-centered vs lab f
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Sun-centered vs lab frames

e All laboratories have unique amplitude and phase modulations

Independent of laboratory orientation

2
EX. (USME((Z’QQZ)) 1) X (universaléefactor)- 53
OSM\ L,

C
u
c3component \ laboratory coefficient

c'? time dependence at different labs

—__ Labin Indian ocean ¢’ = =2¢)”siny siny [cos y siny cos(wgTg) + cos y sin(wg Tg)|

— ZEUS

—__EIC . | + other coefficients
c.'? = SCF (1,3) component of c/*”

u

©
&)
|

O
o

| x = colatitude
1) = beam NokE direction

wa = sidereal frequency

Amplitude

q

~1.0

Tq = local sidereal time

0 5 10 15 20

T (hours)
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Expected constraints: HERA, EIC and LHC

* Estimated sensitivity of DIS at HERA/EIC and Drell-Yan at LHC (g° < (60 GeV)?)

HERA EIC LHC HERA EIC LHC
a TR g 7 01076 | 2.3 x 1076 | 1.5 x 10~ cIX 6.4x107° | 5.8 x 1077 :
qOIXXZ GOV Z) | 851075 | 5.2 x 1078 : Cy 6.4 107 | 5.8 x 107 :
o OTXY 535 10-6 | 3.4 % 10-7 | 2.7 % 10-9 cx? 32x107% | 1.1 x107% | 7.3 x 1072
W 0ITXZ 471076 [ 1.3x 1077 | 7.2 x 10~ Cy 3.2 107 N 2107 | 7.1 x 107
My 2 e . L et Y| 1.6 x 1074 | 1.3 x107% | 2.7 x 107°
Asy 46107 | 1.3 x 107" 1 7.0 x 10 XX oYY | 50%107% | 3.7x 106 | 1.5 x 10~
g XXX 1.7%x 1076 | 1.4 x 107 -
(5)XXY _ g |- A .
ag) 1.6 x 10 1.4 x 10 - » EIC improvements over HERA are due to much larger
agXYY 1.6 x107% | 1.4 x 1077 - expected luminosity
ag) 7 1.0x 107> | 4.3 x 107" - "+ a® coefficients produce enhanced effects at larger w
ag’zXZZ 21x107% | 1.2 x 1077 - energies: DY at LHC dominates the potential constraints
a(s?,?z/;/ L.7x107° | 1.4 x 1077 - + Drell-Yan on the Z-pole (LHC) is sensitive to an additional
agz | 2.1x107°% | 1.2 x 107" - class of parity violating coefficients (a’g”) for which there is
[units of GeV ™ no sensitivity in unpolarized y* mediated DIS.
N

ATLAS search for sidereal signals of Z-pole quark Lorentz
violation is underway - stay tuned!

Enrico Lunghi Indiana University



Expected constraints: Drell-Yan at LHC on the Z-pole

* Constraints which - - .
we expect from sidereal time studies of Drell-Yan at O° = m%
' (5]
coefficient dQQ=mz . do
nothing Olumi St Oeel coefficient [GeV_l] g [@]szz
umi» Se
Cfly 84x107%|24x107% | 1.1x104 (5)TXY th Oth; Olumi Oths Olumis Osel
XZ _ ' Agy, 4.3x107° | 1.2 x 108 10—9
Cuy 2.3x1073 | 6.3x 1074 | 3.1 x 10~4 oD Tx? 1.8 x 106 7 o)
Y U 1.0 X o — 1 A—
X Cur 2.3x 1073 | 6.3 x 1074 | 3.1 x 104 Girvz 1.8 x 10~ o ; 24107
XX — VY| [ 47%x 1073 | 1.3x 1073 | 6.4 x 10~ orxst vy || L x 10 5.0 x 10~ 2.4 x 1077
y 4 x 10 aOTXX _ gOTYY 111 9 %1075 | 3.4 x 1078 e
cy. 4.3 x 1074 ) - u 4 % 1.7 x 10
dy 1.2 x 10 5.9 x 107° pOTXY - —
Cay” 1.2%x 1073 | 3.2x10* | 1.6 x 10~* BITXZ . e Bl 1078 | 7.9 x 107
YZ . U . 10— —7 4 A—
1Ca, 121078 | 3.2 x 1074 | 1.6 x 10~ LOITY Z . 01 66X 107 8.2 x 107+
eg* —cq¥| || 24%x107% | 6.9 x107* | 3.3 x 1074 |b<5)Tx;S<“’ &Y, || 4 x107° | 6.6 x 107" | 3.2x 107"
dxY —4 — Su — by, | || 1.6 x 107 | 4.5 x 107° 29 % 106
(/5] 3.7 X ].O 1.1 X 10 4 5.1 % 10_5 a(5)TXY — X 10
dfle 10x%x10-3 | 2.8 x 10~4 | 1.4 x 104 (55%sz 2.3 x 10 6.5x%10~7 | 3.2 % 107
YZ _ ' g 9.4 x 107° —5 1 A—
X s 1.0x 1077 | 2.8 x107* | 1.4 x 1074 Q%TYZ ) 0_5 o 1.3 1077
da® —di¥| ] 21x1073 | 6.0x107* | 2.9 x 10~* G)TXX  (5)TYY 9.4x107> | 2.6 x 107 | 1.3x107°
- . 454 Y | || 6.4x107% | 1.8 x 1074 10=5
[E.L., Sherrill, Szczepaniak, Vieira, 2011.02632] ) 8.7 x 10
| | | ' [E.L., Sherrill, to appear]
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Indiana University



Deep Inelastic Scattering: ZEUS

Scattered
Positron Q*~3600GeV?
X ~0.15
Proton Y ~0.20
remnant

Jet

;
— N
1 -

Positron Positron
e+ Remnant e+ Remnant
— - —» B
Jet g P
2 :
Low Q tat High Q2



ZEUS analysis: datasets and event selection

* We examined all (5 years) of HERA Il data (£, = 920 GeV, E, = 27 GeV, Loy = 372 pb™h

Run period Run range E, (GeV) E. (GeV) e charge lumi (pb™1) |3 (%)
2002/03 (no pol.) 42825 - 44825 920 27.5 et 0.97
2003
2004
2004/05
2006
2006/07
2007
2007 MER 71004 - 71401 570 27.5 et 6.33 ? 105
10%
e We focused on a clean DIS selection: >
— 7 ,> 1 rad
’ ’ _ 3 1000|
& i S dGeV 45M events with: “3 |
Eesia € > 10 GeV _s ool
47 GeV < E(e*) — p.(e*) < 69 GeV x € [7.7x1077,1]
e detection probability > 0.9 O € (2.2,94] GeV . e < 3 rad
_|_ > ]
lrad < ‘9(6_)min < 3rad 10~4 T 0001 0.010 0100 1

X

Enrico Lunghi Indiana University



ZEUS analysis: strategy

e The dependence of the luminosity on the time of the day is too large to be sufficiently diluted by the
difference between the solar (24h) and sidereal (23h56m) periods:

ZEUS ZEUS
1.5

1.5

1.4 1.4

—— ZEUS 372 pb’

—— ZEUS 372 pb’

1.3 13

1.2 1.2

1.1

Normalised count
Normalised count

1.1

1 1

0.9 0.9

0.8

o
N

. 1
(T, =23nh56min)

o
(@))
SAREER
o
—
o
)
o
w
o
N
o
o
o
(0}
o
\1
o
0
o
o

¢

solar

sidereal

e We bypass this problem by relying on the phase space dependence of the SME calculation

* Different regions in the (x, Q2) plane have different dependence on the SME coefficients and allow the
construction or ratios sensitive to the coefficients but independent of the luminosity

Enrico Lunghi Indiana University



ZEUS analysis: strategy

* Given two regions in x and Q° (PS; ,) we build the following double ratios:
2 do 9) do
I PS, dxdQ dQ? dx dor / J PS; dxdQ dey dQ? dx dor

) do o) do

r(PSla PSZ) —

where ¢ = Mod(T'g, T')/T'is the time phase built from the event time stamp T, and the testing
period 1" (we expect a possible signal for I'= 1 ..., @nd a null result for all other periods)

e We consider two different ratios and three testing periods

* Slicing the phase space in Q7 yields a ratio which
T=1h T=23h56m T=24h is almost insensitive to the SME coefficients

2 — 20 GeV?2 * The cut x_, = 103 is optimal:

Cu ¢
t roughly halves the whole phase space thus

X, =107 minimizing stat uncertainties, while retaining a

strong sensitivity to the SME coefficients

null tests signal

Enrico Lunghi Indiana University



ZEUS analysis: control region (

2
cut’

I

S

olar)

(Q) Normalised count

0.99¢
0.98E

0.97

0

ZEUS

ZEUS 372 pb™ (Q° > Q% = 20 GeV?)
ZEUS 372 pb™" (Q° < Q7 = 20 GeV?)

Tk,

.

. statlstlcal uncertalntles only
-;I‘%'IEQE"I'

RrnnARne lII T—H 'II 'I'

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

p (T, =24h)

solar

Enrico Lunghi

Both distributions follow the
luminosity profile

«— Dependence on luminosity drops out!

Indiana University



ZEUS analysis: control region ( Czut, 1 i dereal)

ZEUS

ZEUS 372 pb™ (Q° > Q7 = 20 GeV?)
| 3F ZEUS 372 pb™ (Q° < Q% = 20 GeV?)

<+<— Day/night effect partially diluted

06:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

"(Q) Normalised count

@Eﬁ*ﬂ*@@%ﬁ%ﬁ@%ﬂ%@m %;*I*% Hig by @%ﬁm@f% @%E@%@%H@ﬁ%&h Dependence on luminosity drops out!

2
IlllllliI-_l:I-I: _HllII-l|””|””"

:—IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0'970 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

y (T, = 23h56min)

sidereal
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ZEUS analysis: control region (

2
cut’

I’ = 1h)

"(Q) Normalised count

0.99
0.98
0.97

0

Enrico

ZEUS

ZEUS 372 pb™ (Q° > Q7 = 20 GeV?)
ZEUS 372 pb™ (Q° < Q% = 20 GeV?)

-*%*I&' p-F
p

1 I{I__

R

i T

%'E.I.— E

’III"I* -

II|IIII|III.:E_-Illlllllllllllll

1 mﬁ#ﬁﬁ:

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

. (T, =1h)

test

Lunghi

<— Day/night effects completely
eliminated

«— Dependence on luminosity drops out!

Indiana University



ZEUS analysis: control region (

2
cut

) summary

— 1.03, ; _ — -
S 102 NomOgRIBV-Smimov = 377 ® ZEUS 372 pb™ * Small KS probabilities( < 5 % ) would signal
= 101 ! :
b gt oh ; TR TII—. R the presence of unaccounted-for systematic
i e e ﬁiiﬁiﬁfﬁﬁh = uncgrtainties y
0.99
0.98% One —sigma spread
e Y- Y- 1.0 o All binned distribution show no strong
?bsolar ( — 24h) eVIdenCG Of th|S
— 1.03;
© - Kol -S 78% - . : "
S 102 N 200 ® ZEUS 372 pb”’ » The one-sigma spread is simply the
1.01 4 n P i ; 1y tandard deviation of the central values:
1.00i Eiﬁm %ﬁ H{ i gt s imi {EEHHEH?{@EE HIEHEHQH%%{}‘%#H t ﬁ{ Sta . . '
0.99 $ the difference between this spread and
0.98 ~ One-sigma spread the statistical uncertainty can be
o97-—~———+— v o Lo e e L e e e e L e e e L b = = u
0 02 0.4 06 [ 10 considered a determination of systematic
Gsidereal (Ip = 23h56min) - e
uncertainties
§ 182 K/gllnr:gg%gv —Smirnov = 82% e ZEUS 372 pb™’
"o j. b3 $3td ; LI oY
108%%%%}1; . HLHMPE}; Hﬁ#-“u
0.9

0.98

Indiana University
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ZEUS analysis: control region (x,,, I = 1h)

* This observable is sensitive to SME coefficients but not when binned using a test phase 7= 1h << T j.ea

ZEUS

_1.03, _
- Kolmogorov-Smirnov = 86%

Q
5102 Nyjpg = 25
1.01

e ZEUS 372 pb~’

1.00—5—9o—* o« © o *—o

0.99
0.98

097: \\\\\\\\\

0.8 1.0

_1.03, _
- Kolmogorov-Smirnov = 73%

% 1.02° Nyps = 100

1.01
z f t ¢
1.00 71393 ﬁiﬁigﬁﬁﬁ%iﬁﬁ
0.99
0.98

097: \\\\\\\\\ T Y R S N N B B

e No evidence of large unaccounted systematic uncertainties

Enrico Lunghi
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I

ut’ solar)

ZEUS analysis: control region (x,

* This observable is sensitive to SME coefficients but the small difference 7. — T j.;,; = 4m could lead

to cross contamination with the signal region: an observable day/night effect might not be completely
washed out when binning using the sidereal phase (or vice versal)

ZEUS
1.03 N\

S o2 mf))ilnngz%rov—Smimov 1% e ZEUS 372 pb™’ o Small KS probabilities for some

1.01 binnings suggests that presence of
1005 s o > - * " s S B B unaccounted for systematics
0.99"

0.98 ~ One-sigma spread
097: ||||||||| N N SO T N R R |y |0 | 0

__1.03 .
- Kolmogorov-Smirnov = 21%

5102 Ny = 100
1.01 ; ; ;
.00 T £}+ AR SE WL e EE§$E{§} NP J Y AP T) b o Ipeb 12
s LA L T S RSt T T
0.98
097 e S S S R I RS

¢solar (Tp — 24h)
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ZEUS analysis: systematic uncertainties from Monte Carlo?

* The control ratio r(().) does not show any evidence of systematic effects

ZEUS

1.06 _— —
o : Kolmog rov—-Smirnov = 81% 1
\Q_i 1.04} Npins = ‘? ° . QZEUS 54.8 pb )
~ 102 4 bins yield the smallest stat errors
1.00 o = o
0.98?
096} f One S|gma spread
094 T S Y Y Y S S SO B
0 0.2 0.4 0.6 O 8 1.0
¢test (Tp — 1h)
ZEUS
1.06 :
0 - Kolmogorov-Smirnov = 88% 1
@ 1.04F Nbins = ° e ZEUS 54 .8 pb
= 1.02
100 @ ® [ ]
0.98;
096} L One srgma spread
094 Y Y S S R
0 0.2 04 0.6 O 8 1.0
¢sidereal (Tp - 23h56m1n)
ZEUS
1.06
) i Kolmo rov—-Smirnov = 77% 1
\Q_i 1.04} Nbins —g‘? ° e ZEUS 54 .8 pb
=102
1.00; ® ® e
0.98?
096/ f One S|gma spread
094 T S Y Y Y S S SO B
0 0.2 0.4 0.6 O 8 1.0

Enrico Lunghi

gbsolar (Tp — 24h)

ZEUS
—~ 1.06; Kolmogorov-Smirnov = 97% ﬁc 54 8 b‘?\
g 1.04F Vpins = .0p y
= 1.02
1.00; ® ® ® e
0.98?
0.96  One-sigma spread
0-94’rrrrrrrrr\rrrrrrrrr\rrrrrrrrr\rrrrrrrrr\rrrrrrrrr
0 0.2 0.4 0.6 0.8 1.0
¢test (Tp — ]-h)
ZEUS
1.06 :
) - Kolmogorov-Smirnov = 68% 1
S 1.04; Noins = e MC 54.8 pb
= 1.02
1.00" = ° = e
0.98?
0.96 LOne srgma spread
0.94 |
0 0.2 0.4 0.6 08 1.0
gbsidereal (Tp — 23h56m1n)
ZEUS
1.06
o : Kolmog rov—-Smirnov = 84% 1
g 1.04- Nbins = 4c') ’ e MC 54.8 pb
=102
1.00¢ ® ® ® e
0.98?
0.96 fOne srgma spread
004 e
0 0.2 0.4 0.6 08 1.0

¢solar (Tp — 24h>

Indiana University



ZEUS analysis: systematic uncertainties from Monte Carlo?

* Monte Carlo studies of the ratio r(x.) yield results that are fully compatible with statistical uncertainties alone:

ZEUS ZEUS
1.06 : — —\ 1.06 : — =\
- -~ Kolmogorov-Smirnov = 78% 1) - - Kolmogorov-Smirnov = 89% -1 )
8B 1.04 Noins = % i Q ZEUS 54.8 pb ) & 1.04- Noins = 5 Q MC 54.8 pb )
T 102 =102
1.00; ® =) e ® 1.00; ® ® ® ®
0.98;— 0.98;—
0.96 One-sigma spread 0.96 'One-sigma spread
094 T T T I I T T S T B S T O S S N SO N S 094 T I S T S O B S N SO N S
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
¢test (Tp — 1h) ¢test (Tp — 1h)
ZEUS ZEUS
1.06 : 1.06 :
- - Kolmogorov-Smirnov = 20% 1 - - Kolmogorov-Smirnov = 89% 1
& 1.0 Nons =% ° e ZEUS 54.8 pb & 104 Nons =4 ° e MC 54.8 pb
= 1.02; = 1_02%
1.00, o . - - 1.00- = ° ® °
0.98" 0.98
0.96 One-sigma spread 0.96 'One-sigma spread
L0 0 0 T T T T T T S T T O T S N S SO S Lo T T [ Y S S S S Y R BN
*9% 0.2 0.4 0.6 0.8 1.0 > 0.2 0.4 0.6 0.8 1.0
¢solar (Tp = 24h) Qbsolar (Tp — 24h)

(1) Systematics beyond Monte Carlo?
(2) Genuine day/night effect?

(3) Remnant of a genuine sidereal signal?

. Tp = 1h with 4 bins: each bin is 15 min:; Tp = 24h with 4 bins: each bin is 6 hours.

o Strategy: use 100 solar/sidereal bins in such a way that each bin is about 15 min long.

Enrico Lunghi Indiana University



ZEUS analysis: estimating systematic uncertainties

e We extract an estimate of the systematic uncertainty per bin using the difference between the observed one-
sigma spread and the statistical uncertainties:

~ 2 2
Ogyst ~ \/6 stat

* Estimated systematics for T = 23h56m, T,

1dereal —
5syst.( % )

= 24h and for the symmetric period 7' = 24h4m:

olar

+ We observe the largest systematics for 1 ;...

+ The decrease in systematic uncertainties when shifting the

026 ® period by =4m suggests that there might be a systematic
| effect associated with day/night effects
0.18 ® Gsolar shift,N. =100 _
Syst. + We use systematic extracted from the 7' = 24h4m study
01 \‘ as an estimate of the missing systematic uncertainties in

the signal distribution at 7' = 1

idereal

tot —sid solar shift,N,. =100 __ 0.35 9%

Ogid ~ 4/ Ostat ~ Gsyst.

T, ~ 23 hr 56 min T, =24h 2T, — Ty ~ 24 h 4 min

Enrico Lunghi Indiana University



ZEUS analysis: signal region (x

=1

cut’

1derea1)

e The main results of the analysis is the following sidereal distribution:

ZEUS

__1.03
o - Kolmogorov-Smirnov = 55%

1'02 Nblns =25
1.01

e ZEUS 372 pb™’

100w

0.99
0.98

o - Kolmogorov-Smirnov = 46%
Npins = 100

¢Siderea1 (Tp — 23h56mm)

SIGNAL

e The KS probabilities are around 50% and are consistent with a normal distribution with mean unity and

variance equal to the statistical uncertainty

e The p-value of the SM hypothesis (r(x.) = 1 in each bin) is 0.16 indicating a reasonable description of data

Enrico Lunghi

Indiana University




ZEUS analysis: theory predictions

e |n order to place constraints on the coefficients we need the theory predictions for the ratios we consider
e In terms of lab frame coefficients we get:

r(x>x,x<x)=1-128¢-139¢7+09 (c;' + ;) —42c¢P =29 ¢’ +0.1 (c;' + c3?)
—34c¢P —1.8¢7+29%x107% (¢! + %)
ro(x>x,x<x)=1-6.1x10°a>" +6.8x10° a®"° - 2.5x 10° ¢\>7%
+5.0 X 102 (ab(lS)ll?a + a{/(£5)223 - ab(tS)Oll - ab(tS)022)
—4.1x 10> a®" + 4.7 x 10 a7 — 1.7 x 10° aP>>

(5)113 (5)223 (5011 __ (5)022
+40 (a > +a, a, a, )

o Conversion to the Sun Centered Frame introduces time dependence. For instance:

¢’ = = gfZsin()sin(p)+c/* [cos(y)sin(@gTg) + cos(r)cos(wg Tg)sin(y)

y = colatitude lab y = beam orientation NoE

» We get up terms with frequencies wg, 2w g and 3wy,

Enrico Lunghi Indiana University



ZEUS analysis: constraints on the SME coefficients

e |In order to place constraints we use the calculated theory predictions (on which most uncertainties cancel -
e.g. PDF set dependence is at the % level) and the experimental results to build a chi-square:

M bins

1 2
= (6519)2 Z (riexp - rith%)

O,
tot i=1

o Given our less-than-optimal understanding of the small, yet non negligible, systematic uncertainties, we
adopt a conservative approach and will simply exclude values of the coefficients which yield a p-
value smaller than 0.05:

P(r*, ngo) < 0.05

* The SM p-value is pg,; = 0.16, implying that ¢/” = 0 = aq(s)””“ is never rejected

* Therefore, the allowed regions which we obtain contain the null hypothesis (i.e. cf]‘” =0 = aés)”” “) by
construction

Enrico Lunghi Indiana University



ZEUS analysis: constraints on the SME coefficients

CONSTRAINTS ON c5” COEFFICIENTS

Coefficient Lower Upper

¢ =25 <10 6.6 x 107>
i 1.7 x 1074 9.8 x 10-5
¢ -3.2x 10~ 41 <10
¢ —54x 10~ 14 <10
¢ =3 < 10 01 <10
e -2.1 x 10~ 25 10
cTX ~7.8 % 10~ 2.0 x 10~
ot -5.2x 107* 30 10
¢ -1.6 x 1073 0.0 <10
c 2 Joe |0 7010
. ~-1.8x 1073 10 <10
¢ [ 0<10 12 <10
¢ -9.6 x 1074 25 (10
¢ —6.4 x 10~ 37 10
¢ -2.6 x 1073 33 <10
c —4.4 %1073 12 ¢10
cYZ 3010 1.7 x 103
o e (e =l 20 <10’

Enrico Lunghi

e First direct experimental constraints on all coefficients

* ¢t are first limits on strange quark coefficients

Indiana University



ZEUS analysis: constraints on the SME coefficients

CONSTRAINTS ON af)””“ COEFFICIENTS

Coefficient Lower (GeV™!) Upper (GeV™!) Coefficient Lower (GeV™!) Upper (GeV™!)
el ol 10 43 x 107 e ~7.3 x 10 6.1 x 10~
ag " —ag o 0 2.0x107° g 4 s 2.8 x 1075
gk -8.3x 107® 6.5 x 10~ e —1.2x 1076 9.4 x 10~
o ~2.9x 1077 1.1 x 10° i —4.1 x 107 1.6 x 10~
o —43 %107 7.4 x 107 YL ~6.1 x 106 1.1x 1073
e ~3.9 x 10~ 12 1) i ~5.7 x 1078 1.7 x 106
S 2 0! 1.8 x 1077 it ~3.4 % 100 2.7 x 10
At ~4.6 x 1077 9.2 x 1078 g ! ~6.8 x 100 1.3 x 1076
aX1? —2.6x 107 3.3 %1077 . ~3.7x10°° 4.6 x 10
G ~5.4 %107 1.4 x 107 i 8.1 x 1075 2.1 x 1076
el 2.9 %1077 1.5 x 10~7 Al —4.3 x107° 23l
a2 3.6 x 10~ 2.1 % 107 o ~5.4x 1078 310

* No previous constraints exist on any aq(s)”” ? coefficient

* These coefficients are CPT violating: the near equality of s and s PDFs results in a near exact
cancellation of a®®**? effects on the DIS cross section: no bounds on a>#** can be extracted.

Enrico Lunghi
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ZEUS analysis: example of excluded signals

g 132 — Y = 17 x 107 e Y =498 %1077 e IV =—-1073 e ZEUS 372 pb™’
1.01
1.00 3
0.99
0.98
0.97.

—~ 1.03,

E 1.02
1.01
1002
0.99
098 e ammme — cxcluded value
097 T T O N R R R B T O N R R SR B T T R S S SR B T T T S B S SR B

— p = 0.05 “boundary values”

— 1.03,
S s e = 23 %107 GV - g0 = 418X 1077 GV e a$) Y = 42 %1070 Gev !

1.01"

t t
%Hm t 0} et

1.00 T e et e L e e T g e e e L e =
S t
099, Tl Tt Tt n et e b
0.98
A R R R I T R I T R I R R I R R
097 0.2 0.4 0.6 0.8 1.0

gbsidereal (Tp — 23h56m1n)
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Events / 4 GeV

Top Quark Sector: theory and experiment

600 LR L L L L L e e

B ATLAS B Data 5
500 :— S=7 TeV — Signal + Background _:

E L dt —47 fb-1 ----- Background only E
400 — o —
300 -
200 -
100 — =

A80™150 100 50 0 50 100 150
A" [GeV]

-
o



Top quark coefficients

o The Lagrangian terms we are interested in are: [Belyaev, Cerrito, E.L., Moretti, Sherrill, 2405.12162]
L opr = — ag (fLyMtL + ELyﬂbL) — ag fR;/ﬂtR — ag I_aRyﬂbR

* In the limit in which we set m, = 0, appropriate field redefinitions show that the only surviving term is:
ZLopr = (ag — ag) fR;/ﬂtR = pH fRyﬂtR

e The dispersion relations for top and anti-tops reads:
pr=ml=p-bx((p-b) —mb"”

pi=m;+p-bx[(p-b)—mb’]"

where m, is the top mass that appears in the Lagrangian and * correspond to the two helicities.
* ATLAS and CMS extract a “kinematical” top mass which corresponds to m® = (p?)1?:
We can extract constraints on the b* coefficients from helicity averaged measurements of

+p:) - b
Amt; — mteﬂ? _ mfeff _ (pt pt)

2m,

Enrico Lunghi Indiana University



Top quark coefficients

* In pp collisions, after averaging over the events, we have (E, + E;) # 0 and (p, + p;) = 0, implying that
only the coefficient b, = b (in the SCF) can be actually constrained by existing measurements:

1 <Et + Ef)

2 m

e Both Atlas and CMS measured the ¢f mass difference:

AmSP =

It

T

(+0.67 £0.61 £0.41) GeV Atlas,E. =7 TeV, & =4.7 fb~!
(=0.15+0.19+0.09) GeV CMS, E-\ =8 TeV, & =19.6 fb~!

* In order to extract a bound we need the average energy of the ¢ pair in the fiducial region:

tt tt — fvjgbb | tt — fvjjbb

tot fid [GeV]
(Ei + Ef)ar Tev 706.3 708.9 658.4
(Et + E{)@g TeV 738.9 742.2 674.4
(Et + Ff)o13 Tev 878.8 883.7 725.2
(Bt + Ef)@13.6 Tev 892.5 898.7 729.1

Enrico Lunghi
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bTE{:

~1.1,0.42] GeV  ATLAS @ 7 TeV
—0.14,0.29] GeV CMS @ 8 TeV

[First bounds on by
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Top quark coefficients

* The contribution to the 7 mass difference from b***>* are more complicated:

bz cos x + sinx[bx cos(w@T@) + by sin(w@T@)]

(bl) (—bz sin x cos ¥ + cos(wg Ty ) (bx cos x cos ¥ + by sinv) + sin(wg Ty ) (by cos x cos ) — bx sin ¢))
by | =

b3 —bz sin x sin 1) + cos(waTs ) (bx cos x sin Y — by cos ) + sin(wg Ty ) (by cos x siny + bx cos )
eff 1 .
Ams; = : brAr + bz Az + Z ba (CA cos(wgTg) + Sa sm(w@T@))
me I A=X.Y
AT = E; + Ef 9

Az = —sinycos(p; + p1) + cos x(p2 + P2) — sin x sin ¥ (p3 + P3) ,
Cx = cosxcosy(p1 + P1) + sin x(p2 + P2) + cos x sin ¥ (p3 + p3) ,
Sy = —Sintp(pl +ﬁ1) + COS¢(p3 +ﬁ3) :

CY:_SXa
SY:CXa

x = 43.7° (colatitude of CERN)
w = — 11.3° (orientation of Atlas and CMS)

®* The terms proportional to b~ average to zero when integrating over the whole phase space

® Additionally the b*¥ terms vanish also when averaging over the sidereal period

e This means that dedicated experimental analyses are required to extract bounds

Enrico Lunghi
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Top quark coefficients

* A simple strategy to extract a bound on b” is to consider the observable:
bz

2mt

(AmSE'Y = (AmST sgn]A 4]) = (|Az]) [() indicates phase space average]

* For b*! a sidereal time analysis is unavoidable:

e bX n
Amtgf — th Ag() ]

AW = Cx(cos(waTs))n + Sx (sin(weTs))n

e Using Monte Carlo to calculate the relevant quantities we are able to calculate “projected” bounds by
assuming that the final experimental uncertainties on the “new” Amf;-ff will be similar to on the actual mass

difference.

. 1eV | 8 ey 113 1eVil3.6 eV

tot fid | tot fid |tot fid |tot fid
Az)| 72 68|76 70|97 79 100 80
CxDh| 74 69 |79 70 (103 84 (103 81

418 329451 361|590 416|603 405
[units of GeV]

‘bZ‘expected ,S 4.6 GeV
IbX,Y|expected ,S 0.8 GeV

\/vv
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Conclusions

e Quark and gluon SME coefficients are extremely hard to constrain because of the non-perturbative QCD
e« Two main approaches:

» Connect quark/gluon and proton coefficients in Chiral Perturbation theory

+ Access quark/gluon coefficients directly using factorization in high-energy collisions (e-p and p-p)

e In high energy interactions SME effects induce sidereal time dependence on various cross sections and can be
constrained by a “straightforward” sidereal binning analysis

o We performed detailed studies of sensitivity of neutral current DIS at the upcoming Electron-lon Collider at
Brookhaven and of Drell-Yan at LHC

* We used ZEUS data to constrain place constraints on CL’IZI;, and aﬂ“ﬂ ’ and Atlas/CMS data to constraint b (top)

e To appear:
+ Analysis of the Drell-Yan cross section at ATLAS
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Symmetry Transformations: Observer vs Particle

® |[n order to discuss Lorentz Violation it is important to separate observer and particle transformations

e Observer transformations

® Act on the observer reference frame while leaving the system unchanged

® Only observable quantities transform
® Might or might not have “physical meaning”
* Parity: look at the system in a mirror
* Lorentz: look at the system from a rotated/boosted reference frame

# Cartesian to polar change of coordinates

e Particle transformations
® Act on the system while leaving the observer frame unchanged
e All quantities the appear in a theory (fields, couplings, ...) and have to be assigned transformation

properties in order to achieve invariance
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Symmetry Transformations: Observer vs Particle

® A muon decaying at rest has a certain lifetime that changes if the muon is observed in a frame boosted in
some direction or if the muon itself is boosted in the opposite direction:
if observer Lorentz transformations describe correctly the effect of boosting one reference frame and particle
transformations are a symmetry of nature, these two lifetimes are identical (relativity principle)

® One could modify observer Lorentz transformations and construct a modified particle transformation that
leaves the physics invariant.
* This is what happened in the transition from Galilean to Lorentz invariance. Note that even though
kinematical effects vanish for small velocities, the change in metric is dramatic (think: magnetism!)
* We will not pursue this route

® We preserve observer Lorentz transformations but spontaneously break particle Lorentz invariance

# The muon lifetime of a boosted muon and of a muon at rest measured in a boosted frame differ (breakdown
of the relativity principle)
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Symmetry Transformations: Observer vs Particle

® L

"+ FEDERER
= NADAL 4 1
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Symmetry Transformations: Observer vs Particle
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Symmetry Transformations: Observer vs Particle

vii
FR) 13111116 R 2 240DA y

Observer transformation
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Search strategy: Sun Centered Frame

® |t is necessary to specify a reference frame where the coefficients are defined once and for all:
the Sun Centered Frame (SCF)

e Conventional choice is to use the 2000

SPRING vernal (spring) equinox:
# . EQUINOX

{'s March 20 2000 at 7:35 am UTC
.

equatorial plane ® The equinox defines not only the orientation
s The line the connects the ) of the axis but also the beginning of time

center of Sun and Earth lies
SOLSTICE /\ in the equatorial plane and
intersects the Earth surface

oo | ® Times at locations which are not on the

same meridian as the 2000 equinox need to
WINIER S be shifted accordingly:
The center of the Sun lies

in the equatorial plane 271' AO - ﬂ
AT = — ~ 375 hrs
A W 360

where @ is the sidereal frequency,
AUTUMN

AU Ao = 66.25% is the longitude of the 2000

equinox and 4 ~ 9.9% is the longitude of
CERN/DESY.

Enrico Lunghi Indiana University



Sun-centered vs lab frames

® The structure of the time dependent DIS and DY cross sections is:

0(Tg) = osm [1 (C}FT, c}';Z, C?Z) (C?X, C?Y, c?Z, cffz)(cosw@T@, sin wg T')
+ (cify, C?X — C}/Y)(COS 2weTe, sin2wgTy)]

Animation curtesy of Nathan Sherrill
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Using ypr to connect LV in quarks and hadrons

® |[n absence of quark masses, the two-flavor QCD Lagrangian has an exact Su(2), x SUQ2),
chiral symmetry:

ZLocp = Qi Q = Q; i Q; + O iD Oy

Uy Up
O = <dL> - U QO Or= (dR> — U O
Q.U il U,Qp + QgU} il UgQp = Qy ild Q; + O iD Op = ZLocp
® The chiral symmetry is spontaneously broken by non-perturbative QCD:
SUR2), X SUQR2)g = SU2)1505pin

SUQ)y,pin 1S the diagonal subgroup of SU?2), x SUQ2), (U, = U, = U)):
Q= U Q0,0 = U0 = 0—-U0

® This happens because 00 = iiu + dd acquires a vacuum expectation value

® For each broken symmetry generator a Goldstone boson appears (z*, z')
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Using ypr to connect LV in quarks and hadrons

® At low energies we can write an effective theory of QCD which describes the
interactions amongst the three resulting Goldstone bosons (z*, z°):

F? | A 2"
L, =—tr [(') U&’“‘U‘L] + .- U = exp - \/_ F ~ 93 MeV
APT 4 H F \/571'_ —71'0

While QCD has only one parameter («,), the chiral Lagrangian has infinitely many.
As long as we remain at very low energies only a handful is relevant.

® Note that U —» U, U U} imply that the chiral Lagrangian is exactly invariant under SU(2), x SUQ2),

® A common quark mass term explicitly breaks the chiral symmetry:
m

3m=muﬁu+mda7d=Q< i O)Q=QMQ.

0 my

® How can we include quark mass terms in the meson Lagrangian?

Enrico Lunghi Indiana University



Using ypr to connect LV in quarks and hadrons

® We can perform a spurion analysis

® The idea is to “upgrade” the mass matrix M to a constant field (spurion) and assign to
it transformation properties which preserve the chiral symmetry.

o Assigning M — U.MU we have 0,MQ, + h.c. > QrU} (UyMU/) U,Q, + h.c. = QxMQ, + h.c.

o Assumin% that all quark mass effects appear through the spurion M we can write:
Vv
0L ypr = —-0 MU+ UM + -
where V is the quark condensate.

® The pions acquire a mass proportional to (m, + m,)/2.

e At the cost of introducing extra couplings it is possible to include the nucleon doublet
(p,n) in the theory

Enrico Lunghi Indiana University



Using ypr to connect LV in quarks and hadrons

® |[n order to connect quark and nucleon coefficients one can attempt a spurion analysis
in which the coefficients for Lorentz violation are assigned chiral transformation

properties 'Kamand, Altschul, Schindler; 1608.06503]
‘Kamand, Altschul, Schindler; 1712.00838
e Focusing on the ¢, coefficients, we can write: Altschul, Schindler: 1907.02490]

é‘LSME — iQLC'ZV’V,uDVQL + iQRC]%V/y,uDVQR

ch” 0
where C17, = | "t L land ¢t = (et +ch”)/2
dr/R

® Strong Isospin invariance can be restored by assigning:
C* — U,C*Uf and Ct* — UpCt' U]

® | orentz violating effects appear in the Chiral Lagrangian as additional su(2) x SU(2)
symmetric terms involving the pion triplet, the nucleon doublet and the spurions ¢/,
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Using ypr to connect LV in quarks and hadrons

® The leading terms are:

F2 5 /\ . criolet
£:° = P ((Cru + 'Cry) Tr[(0"U) 0" U] plon triple
r . /\
c%z(\)r _ <\a(1)\If[(uT 3C§Vu+u30’£yuT)(’yyiDN+fyuiDy)]\If nucleon doublet

+a® (1O + 'C¥) ¥(v,iD, +7,iD,) |V
+aPW[(u" *CFu —u *Cp u) (7,7%iD)y + 77D, )| ¥
+aW (1O = 1C1) W(1,4°iD,, + %752'1?1/)‘1’},

where u2 = U

o 'C", and °C", are the trace and traceless parts of (' and transform as
1 ~uv 1 ~uv 3 Uv 3 ury Ty
c - ¢ c* - UACU!

lcgv N lcgv 3 C;;y N UR3 C]/éw U;;
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Using ypr to connect LV in quarks and hadrons

e Relevant two and four pion interactions (U = exp |i¢,7,/F]):

/6(1) 1Y %4 1Y | %4
L2220 = ——(cY + i + it + ) 04Oy da

2 L R
(1)
LLOM = Do (el 4 Y4 it 4 ) (GutrBubudus — Gu5iDu0aBut)

® The proton kinetic Lagrangian becomes

0LsmE = Qﬁp [(WW T ng)VuiDu — mp} Vp
with

1 v v
ch = 504(1) +a®| (™ + Chyr) 204(1) +a? (¢4, T Cap)

e The a2 and p(1) coefficients are non-perturbative and expected to be O(/)
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Using ypr to connect LV in quarks and hadrons

e |f this is accurate the bounds on these coefficients are of order 1072 + 10~

® Some open questions remain.

® The role of LV in the gluon sector:it is possible to move ¢/ (g=u or d) into a x*,,,
and it is not clear how to assign spurion transformation properties to the latter.

® Quark and Hadron coefficients mix: a given type of nucleon coefficients can
receive contributions from multiple types of quark level coefficients. Disentangling
can be difficult

® |t is unclear how to connect these results to constraints obtained from studying
the propagation of ultra-high energy protons
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DIS and Drell-Yan



QCD factorization in presence of Lorentz Violation

® Standard partonic picture at large energies:

Do Lorentz-violating effects
L B~ gp L change this picture?

® Lorentz and CPT violating terms we consider:

1

H : D (Suapy g
£ = Z _l/jf W Dﬂl/jf T 9) l//f Cf +75d W,u I}/If o Eaf l//f}’ﬂlD(alDﬁl/jf
f= ud

e The coefficients a]fs) are non-renormalizable (mass dimension — 1) and tend to appear multiplied by the

largest scale in the system: their effects are larger at very high energies

® Factorization holds: cross sections are given by convolutions of time-dependent hard scattering kernels and
parton distribution functions Kostelecky, E.L., Sherrill, Vieira; 1911.04002

Enrico Lunghi Indiana University



Deep Inelastic Scattering: Factorization in the SM

® The parton model picture emerges from an all-orders proof of factorization:
Kostelecky, Lunghi, Vieira; 1610.08755

hard scattering . e
: / Kostelecky, Lunghi, Sherrill, Vieira; 1911.04002
k, g :

G2
Z
J \\ _» long distance

® |n the Breit frame it can be shown that only one component of k enters the hard scattering: k¥ — &P*

® The amplitude becomes a one dimensional convolution of parton distribution functions and hard scatterings

® The parton distribution functions admit a covariant expression:

f(n-k,P*) = J';Z—/Ie_i(”'k)’%P | l/‘/(,ln)gw(()) | P) [n is a light-cone vector proportional to P]
T

® Reparameterization invariance (rescaling of n) and covariance imply that the PDF can only depend on
E=n-k/n-P. We can replace f(n - k, P*) — f(&)
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Deep Inelastic Scattering: SME cross section

® The final expression for the double differential decay rate (Y exchange only) is:

do o’ 2 ys”® 2 y°s
dxdydo ZQTZQJC 33} ff(.]?}) 7(1+(1—y) )5]0 | X f
J i
AM? , g
S (C]}k +C?k)+4(cip+c?k)+_1_y)cl;k
pp _ & KK kP | Pk _ large effects at low x
ey S P0G
where i

v Pt =E,(1,—k) k" = B(1,k) andk™ = E'(1,k’) are the proton, incoming and outgoing electron momenta in
the lab frame (e.g.for HERA E = 27.5 GeV and E, = 920 GeV). s is the center-of-mass energy of the collision.

P.q Q’ pq _ pv
o = — 1 e — C
"YT P kT 4E,Ea PO = Puly Qv

- 2 po P . # |n our numerical results we
h o= —ys (1 — ” (Cf i 2xcy )> include also Z boson
9 exchange diagrams
/ qq qP Pq 2 PP
Ter=o—x —x¢r=ax— —(Cc: + xcC 4+ xc + x°c
f f e f f P
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Deep Inelastic electron-proton Scattering

® |In the case of e-p DIS this discussion can be formalized in the language of an Operator Product Expansion:

do ~ |M(ep — eX)|* ~ Im[M(ep — ep)] ~ Im(p|TJ,(2)J,(0) | p) ~ C**#(2) (p| O, ..., (0)|p)

T T . T

optical theorem em current OPE W/ilson local
Coefficients operators

® The operators that appear for DIS are:

Oy = Gy, 1D, -++1D, g + symmetrizations — traces

<p ‘ @, o ‘p) — ﬂn D P, [ The proton momentum p is the only vector the matrix
" 4 elements depend on ]

® The Fourier transforms of the Wilson coefficients are:

- Hl...qHn MV
sz ez C/,w,ul..-,un(z) N q anq (quz g,uv) 4 e

Enrico Lunghi Indiana University



Deep Inelastic electron-proton Scattering

g _1_ .

e The product of matrix elements and Wilson coefficients contains powers of —

all operators contribute at the same order!

® |t is not too difficult to show that the cross section that emerges from the OPE is identical to the
parton model one if we identify the PDF with:

flx) = %2 ‘fi”

n

® The DGLAP evolution is reproduced by the standard RGE’s for the the operators:

P
-4
7#1 puz___pun= &
P p P p
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Deep Inelastic Scattering: SME (OPE)

® We seek the OPE for the product of two electromagnetic currents:

® Expand: — ! — =
(10 + q)°

q" = (8" + ),
7 ="+ My,

‘ . . A . — ° ~ cee ° ~ ° ° .
Operator basis: Om--- p = qu/MlzDM2 zDan + symmetrizations — traces

* Why symmetric?
* Why are traces suppressed!?

In the SM this follows directly from the fact that the matrix elements of the

operators are functions of the sole proton momentum:
only matrix elements of symmetric operator are non-vanishing and traces are

proportional to P? = ml% < Q°
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Deep Inelastic Scattering: SME (OPE)

® The perturbative evaluation of the matrix elements of the SME operators between
on-shell SME quark states with momentum & (k% = () yields:

(k| gy*ior2---iotq | kY o« k*1---k*n = totally symmetric and traceless

e For n=2: OHitr — q},ai[jﬁq ( gWHighls 4 ool _ zgaﬁgﬂmz)

— qyalDﬁq (gaﬂlgﬂlftz + gaﬂzgﬁﬂl —_ 2gaﬁgﬂ1ﬂ2 -+ antisymm 1n a, ﬁ)

= Tup the SME energy-momentum tensor = (P |T,4|P) &« P Py
(P | Ot | P) =(P|T,z|P) ( gHights 4 oGPl _ Do ghita 4 gntisymm in a, ﬁ)
X PM]P/’Q
o All of this strongly suggests: (P | 0" #:| P) = 2A PF... P

® The matrix elements A, are the moments of the quarks PDFs and can depend on
scalar quantities like ¢, P*P” /A2

® Putting everything together reproduces exactly the factorization result
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Drell-Yan

® Factorization for Drell-Yan in the SME is achieved following (mostly) the same steps as in the DIS case
[Kostelecky, Lunghi, Sherrill, Vieira; 1911.04002]

[Lunghi, Sherrill, Szczepaniak, Vieira; 2011.02632

® The cross section can be written as convolution between hard scattering which depend explicitly on SME
coefficients and universal PDFs which are the same that appear in DIS:

o~ X [de dE 34E.E) fO) [4E)

For ¢** coefficients:
k, = ép, and k, = &p,

4,

-
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Expected constraints



Expected constraints: general considerations

® Terms that contribute to the time averaged cross section (C?T, C}:Z : c? % are hard to constrain because DIS

measurements are used to define the PDFs

#* Nevertheless LV corrections introduce a novel J? dependence into the cross section that leads to a tree-
level violation of Bjorken scaling

# It might be possible to constrain these coefficients by disentangling the weak logarithmic O? dependence
introduced by the DGLAP equations and the strong power (Q? dependence of the LV termes.

e On the other hand, terms that do not contribute to the time averaged cross section (chX, chY, chZ, c]f(z, c;(Y,

c]f(X — chY) can be constrained in a straightforward way by employing a sidereal time analysis of the cross
section.

® We calculated the expected constraints that can be obtained from a 4-bin sidereal time analysis of the
whole ZEUS+H1 DIS combined results [arXiv:1506.06042].
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Expected constraints: general considerations

® The constraints on coefficients which induce sidereal time variation are sensitive only to uncorrelated
uncertainties:

100% correlatedé

UnCO""e|ated: ¢ Note that each sidereal
¢ time bin collects several
| months worth of data

>

binl bin2 bin3 bin4
* |[f experimental uncertainties are dominated by systematics (luminosity, efficiencies, ...), it is important to

understand their bin-to-bin correlation:
this can be achieved by multiple random binning of data and Monte Carlo samples

® Note that day/nights effects are diluted by the sidereal time binning if data are taken over a long enough period
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DIS - HERA - expected constraints on c* coefficients

® We consider all neutral current measurements performed by ZEUS and H]
[arXiv:1506.06042]

e For each measurement (i.e. each value/bin of x and (J?):
% We estimate how the uncertainty increases due to a sidereal binning (4 bins)

# The functional form that we assume for the binned theoretical cross section is
c(x, Q) = o™M(x, Q) + 6°™E(x, 0) where i indexes the sidereal bin

* We generate a set of 103 possible experimental results assuming a normal distribution and the
absence of LV effects

* For each set we extract the frequentist 95% C.L. upper limit using a standard chi-squared (4
measurements and 2 fit variables)

% The expected upper limit is the median of the upper limits over the set
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DIS - HERA - expected constraints on c** coefficients

® Expected constraints as a function

of O? and x

® Best expected limits:

crx
cry
cxz
Cy 2
Cxy

Uu Uu
Cxx — Cyy

<4x107°
<4x107°
<4x107°
<4x107°
<4x107°
<1x107°
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DIS - HERA - expected constraints on c** coefficients

4
: . [
® Best expected constraints: N
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DIS - HERA/EIC - expected constraints on c** coefficients

® For purely kinematical reasons HERA can reach very low x values

4 TR T T T T]

E, = 27.5 GeV T,
. = 27.5Ge ' .
e °
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DIS - HERA/EIC - expected constraints on c** coefficients

® The EIC main advantage over HERA data is the large target integrated luminosity

HERA JLEIC eRHIC | JLEIC eRHIC

JLEIC eRHIC HERA one year ten years
clX 6.4 [6.7] | 1.1 [11.] 0.26 [11.] | 0.072 [9.3] 0.084 [11.
Woletulelnl Jefferson Lab BNL DESY 6.4 [6.7] | 1.0 [10.] 0.19 [7.7] | 0.062 [8.5] 0.058 [7.9
: clY 6.4 [6.7] | 1.1 [11.] 0.27 [11.] | 0.069 [9.4] 0.085 [11.
Lumi 1034 1033 4% 1031 6.4 [6.7] | 1.0 [10.] 0.18 [7.8] | 0.065 [8.5] 0.058 [7.8
(cm-2 s-!) X2 32. [33] | 1.9 [16] 0.36 [15] | 0.12 [16] 0.11 [15.
32. [33.] | 2.2 [19.] 0.85 [35] | 0.14 [19.] 0.26 [36.]
SN(C0N  [3.12] [5.,20] 27.5 Y7 32. [33] | 1.8 [16] 0.37 [15] | 0.12 [16] 0.12 [15.
32. [33.] | 2.2 [19] 0.84 [35] | 0.14 [19.] 0.26 [36.
XY 16. [16.] | 7.0 [60.] 0.96 [40.] | 0.44 [58.] 0.31 [40.
SACRDN (20,1001 | [50,250] 920 16. [16] | 3.3 [28] 040 [17] | 0.20 [27.] 0.13 [17.
XX —cXY| | 50. [50.] | 6.0 [51.] 2.8 [120.] | 0.37 [50.] 0.89 [120.]
eRHIC will start with a yearly integrated 50. [50.] | 6.4 [54.] 2.0 [82] | 0.40 [53.] 0.63 [82.]

luminosity of about 10 fb-1 and then upgrade it
to 100 fb-!
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DIS - HERA/EIC - expected constraints on a®*% coefficients

e Expected bounds in units of 10> GeV-!

HERA | JLEIC  eRHIC | JLEIC  eRHIC
one year ten years

a0 [6.9) | 4.3 [20] 18 [20] | 2.3 [16] 7.8 [20.
a7 g9V 18, 18] | 9.7 17 120 [12] | 5.2 [14] 9.7 [12.
al) T 2.3 [2.5] | 0.46 [1.3] 1.1 [1.6] | 0.50 [2.0] 0.34 [1.3]
a7 4.7 [4.8] | 0.13 [0.36] 0.40 [0.61] | 0.13 [0.50] 0.13 [0.49
a7 1.6 [4.8] | 0.12 [0.37] 0.40 [0.61] | 0.13 [0.50] 0.13 [0.48
ald) X 1.7 [1.8] | 0.14 [0.40] 0.56 [0.86] | 0.14 [0.53] 0.18 [0.70
ald) XY 1.6 [1.7] | 0.15 [0.43] 0.55 [0.85] | 0.14 [0.56] 0.18 [0.67
ald) Y 1.6 [1.7] | 0.15 [0.42] 0.55 [0.85] | 0.14 [0.56] 0.18 [0.68
a7 10. [11.] | 0.68 [1.9] 1.4 [2.1] | 0.79 [3.1]  0.43 [1.6]
a7 2.1 [2.2] | 0.12 [0.34] 0.39 [0.60] | 0.12 [0.45] 0.13 [0.48
aO Y 1.7 [1.7] | 0.14 [0.41] 0.56 [0.87] | 0.14 [0.53] 0.18 [0.68
oY 77 2.1 [2.1] | 0.12 [0.35] 0.39 [0.60] | 0.12 [0.46] 0.12 [0.47

® The largest energies available at HERA allow to partially compensate for the lower luminosity

Enrico Lunghi

Indiana University



DIS - HERA/EIC - expected constraints on a”#® coefficients
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DY - LHC - expected constraints on c*” coefficients

 Constraints which we expect from sidereal time studies of Drell-Yan at various O

coefficient (3lo=175 Gev (%] Q=m2 (2] gz [Bg—175 Gev
Oth 5tha Olumi 5th7 Jlumi’ Osel nOthing Olumi Jlumia Osel 5tha Olumi 5tha 5lumi7 Osel
eyt 26x107° [ 23x107° | 11x10™° | 84x107*|24x107* | 11x107* | 22x107° | 1.0x107°
o’ 70x107° | 6.2x107° | 29x107> | 23x107% [63x107* |3.1x107* | 59x107° | 2.7x107°
ey 7.0x107° | 6.1x107° | 28x107° | 23x107° [6.3x107*|3.1x107* || 6.0x 107> | 2.7x107°
ca X —cnt] || 14x107* | 1.3x107* | 59x107° | 47x1073 | 1.3x1073 | 6.4x107* || 1.2x107* | 57x107°
gt 23x107* | 21x107* | 9.6x107° | 43x107* | 1.2x107* | 59x107° || 27x107* | 1.2x107*
cq? 6.3x107% | 56 x107% | 2.6x107* | 1.2x107% |32x107* | 1.6 x107* || 7.2x107* | 3.3x107*
cy? 6.3x107* | 56 x107* | 25x107* | 1.2x107% |32x107* | 1.6x107* || 7.3 x107* | 3.3x107*
eg® —cy Y] || 1.3x1073 | 1.2x 1073 | 54x107* || 24x107% [ 6.9x107* | 3.3x107* || 1.5x 1073 | 6.9 x 1074
dy ¥ 82x107* | 7.3 x107™* | 33x107* | 3.7x107*|11x107* |51x107° | 86x107° | 4.0x107°
dy ? 22x107° [ 20x107% | 91x107* | 1.0x107% | 28x107* | 1.4x107* || 23x 1072 | 1.0x 107*
dy ? 22x1073 | 20x107% | 89x107* | 1.0x1073 | 28x%x107* | 1.4x107* || 23x107% | 1.0x 1072
da X —d¥Y] || 46x107% | 41x1073 | 1.9x107° || 21x107% | 6.0x107% | 29x107* || 4.8x 1072 | 2.2x 1072

Enrico Lunghi
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EIC vs LHC: comparative advantage

® EIC tends to deliver stronger bounds on renormalizable coefficients

® The large LHC energies increase enormously the sensitivity to non-minimal coefficients

EIC (DIS) | LHC(DY)

XX —crY 0.37 5.7
o 0.13 1.0
. L P
652 0.11 5 7 (in units of 10-5)
cr? 0.12 2.7
\a(si)TXX — aéi)TYY| 2.3 0.015
(5)TXY
a 0.34 0.0027 L
a%éu)TXZ 013 0.0072 (in units of 106 GeV-1)
S ’ ’
a7 0.12 0.0070

Enrico Lunghi Indiana University
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Time dependence of all DIS events
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Time dependence of r((Q.)
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Time dependence of r((Q.): T = 1h
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Time dependence of r(Q.): T = T,
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Time dependence of r(Q.): T =T,
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Time dependence of r(x,.)
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Time dependence of r(x.): T'= 1h
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Time dependence of r(x,.): T =T,
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Time dependence of r(x,.): T =T,
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Time dependence of r(x,.): T =T,
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Monte Carlo study for r((Q.): T = 1h
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Monte Carlo study for r((Q.): T = 1h
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Monte Carlo study for r(Q.): T =T
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Monte Carlo study for r(Q.): T =T
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Monte Carlo study for r(Q.): T =T
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Monte Carlo study for r(Q.): T =T
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Monte Carlo study for r(x.): T'= 1h
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Monte Carlo study for r(x.): T'= 1h
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Monte Carlo study for r(x.): T =T,

sidereal

/N

1.00;
0.98
0.96
0.94!

1.00;
0.98'
0.96"
0.94!

. 1.06;

o i
S 1.04¢
1.02-
1.00;
0.98?
0.96-
0.94'

1.00;
0.98
0.96
0.94!

ZEUS

1.06;
O i
@ 1.04¢
1.02-

Kolmo Z?rov Smirnov = 45%
blns -

e ZEUS 54.8 pb~’

One-sigma spread

1 1 1 ‘ 1 1 1 1 1 1 1 1 1

0.8 1.0

1.06;
S i
= 1.04-
1.02-

Kolmogé)rov -Smirnov = 13%
blns

Kolmog £ov —Smirnov = 6%
bins = 1

1.06;
S i
= 1.04¢
1.02-

Kolmogo(gov Smirnov = 37%
bins =

Enrico Lunghi

1.0

Gsidereal (1p = 23hH6min)

. 1.06;

o i
3 1.04}
1.02-
1.00+
0.98?
0.96?
0.94!

. 1.06;

o i
= 1.04¢
1.02-
1.00;
0.98?
0.96?
0.94!

. 1.06;

o i
S 1.04F
1.02-
1.00;
0.98?
0.96-
0.94'

. 1.06;

o i
S 1.041
1.02-
1.00"
0.98?
0.96?
0.94!

ZEUS

Kolmo Z?rov Smirnov = 83%
blns -

e MC 54.8 pb~!

One-sigma spread

1 1 1 1 1 1 1 1 ‘ 1 1 1 1 1 1 1 1 1 ‘ 1 1 1 1 1 1 1 1 1 ‘ 1 1 1 1 1 1 1 1 1 ‘ 1 1 1 1 1 1 1 1 1

0.2 0.4 0.6 0.8 1.0

Kolmogé)rov -Smirnov = 56%
blns

Kolmog1£ov —Smirnov = 68%

bins —

Kolmogo(gov Smirnov = 74%
bins =

1.0

Gsidereal (1p = 23hH6min)

Indiana University



Monte Carlo study for r(x.): T =T,
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Monte Carlo study for r(x.): T =T,
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Monte Carlo study for r(x.): T =T
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