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The Why, the What and the How
o the Why

- No smoking gun(s) at LHC

- Standard Model Effective Theory (SMEFT) is a systematic way to combine
and analyze data and look for New Physics in a model-independent way

o the What

- Four-Fermi Operators are a large class of SMEFT operators

- Flat directions are a prevalent problem I:> resolve before global fit

o the How

- Future Electron-lon Collider (EIC) :
I:> Lift flat directions by combining polarized observables

- Combine with LHC data for strongest bounds (here: Drell-Yan)
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Standard operating HEP procedure:

:> ‘ 2) Make Prediction
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SMEFT - Motivation

Standard operating HEP procedure:

:> ‘ 2) Make Prediction

1) Pick BSM Model

:> 3) Compare to Data
(ft Exclusion Plot) ::) ‘ GoTo 1) ‘

More Economic Way: SM SM SM SM
| PooS 1 1
Average over heavy modes at SM energies :> ¢ BSM ¢ = 2z +0 (IF)
(Effective Action: Wilson et al) > pS
SM SM SM SM

Quantify deviation from SM @

through comparison with data

Non-SM operators suppressed by powers of %:

- Model independent constraints on new physics . _ . .
- Higher dimensional operators built from SM
- Maximal gain from data fields

- Part of the LHC legacy - Modification of SM couplings/EWSB/...



The Warsaw Basis

Qc | fAECGHGErGSH  Qu | (H'H)®  Quo (H'H)O(H'H) Qenr | (H'H)(lpe H)
Qs | FABCGAvGBeGEH Qup | (H'D,H)" (H'D,H) Quu | (H'H)(gyu-H)
Qw | VKWW lrwkn Quan | (H'H)(gpd-H) . . . .
@ | I Write down all possible operators that new physics could induce
4:X2H? 6:92XH +h.c. 7:2H2D . . .

e | mrcEe™ aw ] GereyrEWL TR R = - Stay consistent with SM symmetries!
Qus | HIHGAG™ Qs | (o™ e)HB,, @ HY DLH) (I, . .
o | BEWLI o @:MA:T);,% o ((Hﬁu;)((éﬂzer)) - Build from SM field content!
Quw | HEWLW™  Quw | @o*u)r BWL, Q) (#' D H) @ ar)

Qus | H'HB,,Bw Qus | (@ou,)H B, QR (H'i DLH) (@7 v*q,)

~ | H'HB,Bw qo0"'TAd,)H G4, . HYi'D , H) @,y u, . ..
Qifa J—— ZW ((qqd))HW ZH ﬁHmﬁﬁd;;drj Lot’s of tricks to eliminate redundant operators, e.g.
Quiwp | HITHWLB*  Qup | (30*d,)H By, Qirud + hee. | i(H' D H)(@yy"dy)
85 (L)L) 81 (RR)(RR) 8: (LL)(RR) Integration-by-Parts (IBP) (6 (p)a”(az(p) PN —¢64¢

Qu (Tpvulr) (Ts71e) Qee (&pyuer) (€7 er) Qe (Tyulr) (Bs7"er) H

W @) @) Que | (Gpveu) (@) Qu | (vl (@ ue)

D | @1 e @ ) Qua (ApYudy) (day™dy) Qu Gyl ) (dy#dy)

QW | Gl @r*a) Qe | (Epwuen)@srhu) Qe | @war) (@ e

QY | G )@ 7 m'e)  Qea | (Epuer)(dsrtde) W @) @)

QU | (@) (dyHdy) QR | @1.T4g) @y T u,)
QY | @nT u) sy TAd) QY | (Gvuer)(dsr dy)

QY | (G T4e,) (A T4dy)

8: (LR)(RL) + h.c. 8: (LR)(LR) + h.c.

Queag | Be)dsais) Qb | @ur)esn(@sd)
Q% | @TAu)esn(ghTAdy)
Ql(:;u (Ber)ejr(huy)

QD | Houwer)ejn(gtor u)

Warsaw Basis: 59 Operators (6B = 0,5L = 0)
Grzadkowski/lskrzynski/Misiak/Rosiek (1008.4884)
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Warsaw Basis: 59 Operators (6B = 0,6L = 0)

The Warsaw Basis

Write down all possible operators that new physics could induce
- Stay consistent with SM symmetries!

- Build from SM field content!

Lot’s of tricks to eliminate redundant operators, e.g.
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Integration-by-Parts (IBP)

Many equivalent bases — not all created equal
=> go for least number of derivatives
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The Warsaw Basis

Qe | PG GPeGS"  Qu | (H'H)®  Quo (H'H)O(H'H) Qerr | (H'H)(lperH)
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@ | I Write down all possible operators that new physics could induce
4:X?H? 6:92XH +h.c. 7:¢2H2D . . .

e | mrcEe™ aw ] GereyrEWL R R o - Stay consistent with SM symmetries!
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Quw | HEWLW™  Qug | GoeT4u)FaA, One | @B )G - Build from SM field content!
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Queag | (Her)(doar)) QUi (@ ur)ejn(ads)

Cs . C&
Qs | @ ur)ein(@TAdr) LSMEFT - LSM + X 0> + p Oi +

Q. | Bereju(@iu)
QD | Houwer)ejn(gtor u) *
. We focus at 1-loop/Dim-6 4-Fermi
Warsaw Basis: 59 Operators (6B = 0,6L = 0) (Z-couplings better probed @ Z-Pole)
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What’s a flat direction?

More Wilson coefficients than
observables

Either exact or approximate (in a
certain regime)

Severely limits possible bounds on
individual coefficients

Flat Directions: Drell-Yan



Flat Directions: Drell-Yan

What'’s a flat direction? q [ g ]
) .. ,Z
- More Wilson coefficients than 14
observables
Either exact or approximate (in a q ] 4 I

certain regime)

Severely limits possible bounds on
individual coefficients

Example: Drell-Yan observables are only sensitive to a
few combinations

Too many Wilson Coefficients:
kinematic variable distributions show flat directions

(e.g.: Rapidity , Lepton my, ...)
Alte/Kénig/Shepherd (1812.07575)




Flat Directions: Drell-Yan

What’s a flat direction? q L q [
) .. ,Z
- More Wilson coefficients than 14
observables
Either exact or approximate (in a q ] 4 I

certain regime)

v Case 1 fr

. . . (€] L
Severely limits possible bounds on Cig /Ceu }

individual coefficients '°-65;'

~0.70f |-|“|—| : : ! b==
Example: Drell-Yan observables are only sensitive to a -0.75} fol ]
few combinations :

-0.80F Ll
-0.85F
-0.90F )

Too many Wilson Coefficients: A A B N N S B
kinematic variable distributions show flat directions 500 1000 my

(e.g.: Rapidity , Lepton my, ...) Approximate flat-direction in Drell-Yan fit (high m;; bins)




1T T 1 EIC - Overview

A
Y Standard Model and SMEFT contributions

l I 1 I (here: leading order, NLO under control)

y
Y

Technical assumptions of the analysis:

- CoM Energy up to VS = 140GeV

- 70% Polarized electron and proton Beams
- Projected luminosity £ ~ 10 fb~1 (100 fb=1?)

- Assume angular variable 0.1 < y < 0.9 and momentum fraction x < 0.2

https://www.bnl.gov/eic/




1T T 1 EIC - Overview

A
Y Standard Model and SMEFT contributions

1 1 ; (here: leading order, NLO under control)

Y
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Technical assumptions of the analysis:

- CoM Energy up to VS = 140GeV

- 709% Polarized electron and proton Beams
- Projected luminosity £ ~ 10 fb~1 (100 fb=1?)

- Assume angular variable 0.1 < y < 0.9 and momentum fraction x < 0.2

AdsmEFT ¢ :
OsMm o ul A

N
2Ge
= Unpolarized = 50* 6
= Polarized
0.015}f ]

0.010 |

0.005
Q*= 1ozGeVZ/

s https://www.bnl.gov/eic/

Q% = 10%GeV?

(Polarized)
lon Seurce

500 fe.

0.000

Q? = 252GeV?
-0.005} Q% = 502GeV>_|
/

0.01 0.02 0.05 0.10 0.20 X

Expected size of SMEFT effect in DIS (including PDF error, A = 1TeV)



Probing SMEFT at EIC (1)

- Use different combinations of polarized observables to lift flat directions

General Idea:

- Observables: Polarized/Unpolarized Protons vs 2 Electron Polarizations

- Ultimate Goal: Simultaneous fit of PDFs AND Wilson Coefficients




Probing SMEFT at EIC (1)

- Use different combinations of polarized observables to lift flat directions

General Idea:

- Observables: Polarized/Unpolarized Protons vs 2 Electron Polarizations

- Ultimate Goal: Simultaneous fit of PDFs AND Wilson Coefficients

Ao smEFT : Ao =+0.7 . AO:MF‘FT - A, =-0.7 - -
oo S0MO4
0.01F C(:” \ @
Clq Clq
0.00 _\ ~ 0 02 -
€] )
Cl
-0.01f !
Ced
. F
-0.02f . 0.00 Cqe
C‘I" Ceu
-0.03f 0.02
Cey . @
-0.04F //’ -1 Clq
-0.05 -0.04}
0.2 0.4 0.6 X 0.2 0.4 0.6 N

Different Wilson coefficients contribute for different electron polarizations




Probing SMEFT at EIC (1)

- Use different combinations of polarized observables to lift flat directions

General Idea:

- Observables: Polarized/Unpolarized Protons vs 2 Electron Polarizations

- Ultimate Goal: Simultaneous fit of PDFs AND Wilson Coefficients

Ao smEFT : Ao =+0.7 . AO:MEFT - A, =-0.7 - -
oo ?04
. ] ' . ™ \
0.01 @ o
Clq Clq
0.00 _\ ~ 0 02 -
¢)) )
Cl
-0.01f !
Ced
. —_—
-0.02f . 0.00 Ce
("1/1’ Cl’ll
-0.03f 0.02
Cey . @
-0.04 / s Clq
-0.05 -0.04}F
0.2 0.4 0.6 X 0.2 0.2 0.6 n

Different Wilson coefficients contribute for different electron polarizations

Additional Contribution: Charged Current u e~ = d v, => Signature not as clean but only sensitive to Cl(;)

(Off-shell W-analysis for Drell-Yan at LHC not available yet though)



Probing SMEFT at EIC (lI)

Impact of Systematic Errors (left) and polarized proton beam data (right)

1 i 1
Cqe [Tevz] Cqe [Tevz] I
2
5k
0 o}
5k
-2k
—— 2% systematic error 10 Unpolarized
- 1% systematic error Unpolarized + Polarized
-4 i L i L 1
-3 -2 -1 0 1 r 1 -6 -4 -2 0 2 W[ 1
lq TeVZ] lq TeVZ]




Probing SMEFT at EIC (lI)

Impact of Systematic Errors (left) and polarized proton beam data (right)

Coe o] | aelral|

-5k
2k

2% systematic error

Unpolarized
— 1% systematic error

Unpolarized + Polarized
-4k

B S 1 Y " a 2 o 2 Y
lq m] lq W]
Takeaways to keep in mind: - Polarized observables are crucial (even though larger experimental uncertainty)

- Impact of systematic error on bounds is fairly small

- High Q?/High x bins are most important (best SMEFT/SM ratio)



Fitting Methodology (68% CL): DY+ E I C : BeSt BO un d S Yet

For EIC/DIS:
- Integrate over (x, Q%) bins

Determine binning through
syst./stat. uncertainties

- Assume uncorrelated errors

- Aogyrpr measures deviation from SM

Define y? test statistic (DIS case):

= > (o)

Bins Pol/+




Fitting Methodology (68% CL): DY+ E I C : BeSt BO un d S Yet

For EIC/DIS:
- Integrate over (x, Q%) bins

Determine binning through
syst./stat. uncertainties

- Assume uncorrelated errors

- Aogyrpr measures deviation from SM

Define y? test statistic (DIS case):

= > (o)

Bins Pol/+

For LHC/DY:
- Integrate over my; bins

- Error Correlation from ATLAS

- Data deviation from SM prediction

ATLAS Collab. (1606.01736)



Fitting Methodology (68% CL): DY+ E I C : BeSt BO un d S Yet

For EIC/DIS:
- Integrate over (x, Q%) bins [ 1 ] -
eu

------------- Case 1 —— T

TeV?2
Determine binning through

syst./stat. uncertainties
- Assume uncorrelated errors 2}

- Aogyrpr measures deviation from SM

Define x? test statistic (DIS case): ol

SN
X° = A
AO_ET'T'

Bins Pol/+

For LHC/DY: == == LHC (Drell-Yan) only I
- Integrate over my; bins | — — EIC(DIS)only (L =10fb7") R
4l == LHC + EIC combined -

- Error Correlation from ATLAS

- Data deviation from SM prediction -2 -1 0 1 W[ 1 ]




[T e DY+EIC: Best Bounds Yet

Tev2] | Cea=Cgi) J

-2k

== Drell-Yan
——— DIS (10 fb~1)
-4} ——— DIS (100 fb~ 1)

lg |Tev?

Combined DY-DIS bounds:

- Luminosity increase only has moderate impact

- Correlation (= flat direction) is determined by degree of
polarization of beam(s)

- EIC data tightens LHC bounds considerably!



G e DY+EIC: Best Bounds Yet

C [L] )
eu Tevz - Ced — Ced -

Additional Drell-Yan flat direction can lifted
analogously through EIC observables, e.g.:

Case 2

[ : ]
Ceu 21k 2 -
TeV Coq = ng)

-2k

= Drell-Yan
—— DIs (107 2} \
-4} —— DIS (100 fb~1) \.’
-
-3 -2 -1 0 1 (1) le
lg [Tev2
(1} 8
,I
Combined DY-DIS bounds: ,/
|
. . . . I
- Luminosity increase only has moderate impact Ll ! \ |
\\-_”z’
- Correlation (= flat direction) is determined by degree of — = LHC (Drell-Yan) only
polarization of beam(s) — — EIC (DIS) only (£ = 10 fb~1)
“4F == LHC + EIC combined

- EIC data tightens LHC bounds considerably!

-6 -4 -2 0 2 4 1
qe



Summary and Outlook

SMEFT is a practical framework to constrain new physics!

SMEFT suffers from a large number of flat directions

|1:> We presented a strategy to lift 4-Fermi flat directions

The future EIC will complement LHC data

'|_> Combine EIC observables with different polarizations
additionally to LHC measurements

l_',’ Interplay of different measurements improve bounds significantly




Summary and Outlook

SMEFT is a practical framework to constrain new physics!

SMEFT suffers from a large number of flat directions
|1:> We presented a strategy to lift 4-Fermi flat directions
The future EIC will complement LHC data

'|_> Combine EIC observables with different polarizations
additionally to LHC measurements

l_'? Interplay of different measurements improve bounds significantly

Possible Future Directions:

- How to probe higher generation coefficients, e.g. C2211? (COMPASS (p + uE) might be starting point,
but needs higher COM energy)

- pp - utu~ Drell-Yan bounds from LHC (Compare with SEAQUEST?)

Thank you!



