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Latest news on setting limits on dim-8 SMEFT operators — CMS, full Run 2 data
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Observed (W"W™) Expected (W*W™) Observed (WW=) Expected (W=WT)
(TeV™ (TeV ™ (TeV™) (TeV)
fro/A* [-0.28,0.31] [-0.36, 0.39] fro/ A [-1.5,2.3] [-2.1,27]
fr/A? [-0.12, 0.15] [-0.16, 0.19] fri/A* [-0.81,1.2] [-0.98, 1.4]
fr2/ A? [-0.38, 0.50] [-0.50, 0.63] fra/ A? [-2.1, 4.4] [-2.7,5.3]
o/ AY [-3.0, 3.2] [-3.7, 3.8] famo/ A [-13, 16] [-19, 18]
fun /A [-4.7, 4.7] [-5.4, 5.8] fin /A [-20, 19] [-22, 25]
fume/ A* [-6.0, 6.5] [-7.5, 7.6] fnme/ A [-27, 32] [-37, 37]
J N [-6.7,7.0] [-8.3,8.1] fir/ A [-22, 24] [-27, 25]
foo/ A* [-6.0, 6.4] [-6.0, 6.2] foo/ A [-35, 36] [-31, 31]
for/ A} [-18, 19] [-18, 19] for/ A [-100, 120] [-100, 110]

Limits weaker by a factor ~4-5 by only considering unitarity,
similar for WZ (CMS Collaboration, arXiv:2005.01173)



New developments: "full clipping" under implementation (work in progress)

e Limits on f as a function of A.
e Obtained limit can be compared to theoretical limit (unitarity condition).
e Observed limit is physically meaningful if stronger than theoretical limit.
+ study of new variables to improve sensitivity to BSM effects. Ry = (pll+ p2)/ (P} % pi)

Moy =[P+ P21+ P02 = (B + PP + )2
mT(VV) = \/(Zi Ei'jz - (Zi pz,i')z
250 CMS Work in progress 137 fb! (13TeV) CMS Work in progress 137 fbr* (13TeV)

Two examples:
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fs0 ||===== ExpectedLimit(mT(WW),mjj) = M | [PEees ExpectedLimit(mT (WW), mjj)
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We can already place some meaningful limits on fS0 and fT1 if A is less than 1.7-1.8 TeV



"Full clipping" first results — some optimistic examples
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"Full clipping" results — some not so optimistic examples

f (TeV+)

~ o CMS Work in progress 137 f* (13TeV)
;- ------ Expected Limit(Rpt)
® L. | | L ||eemee Expected Limit(Mol)
CMS Work in progress 137fb: (13TeV) = e N | it ?@ﬂtﬂﬁ;ﬁmw]
...... Expected Limit(Rpt) ' Observed Limit(Mo1)
"""" Expected Limit(Mol) ObservedLimit(mT(WW),mjj)
Ry [ ExpectedLimit{mT(WW),mjj) - Theoretical Limit
150 & Observed Limit(Rpt)
Observed Limit(Mo1) .
ObservedLimitT(WW)Lmi) | NS T ettt
Theoretical Limit | NN e TeSSsconettt
15 0.2
15
0-02 i T T I I I L
1000 1500 2000 2500 3000 3500 4000
cut-off (GeV)
0.15 4 T T T T T 1~ 120 CMS Work in progress 137 fb* (13TeV)
1000 1500 2000 2500 3000 3500 a001 T, [wm==- Expected Limit(Rpt)
cut-off (GeV) o : ----- Expected Limit(Mol)
= fm0 e ExpectedLimit(mT(WW),mij)
2 i | == Observed Limit(Rp)
- | s Observeed Limit(Mol)
. L. } - | e ObiserVRALIMIt(mMTOWW), mij)
fTO0 — meaningful limits only for negative values. 12 Theoretical Limit
fMO - no meaningful limits at the present moment, N\, = @—T——ma—m————————-=
but will improve at HL-LHC.
12
Little hope for fS1.
0-12 | | I T
1000 1500 2000 2500 3000 3500 4000

cut-off (GeV)



Dim-6 SMEFT operators in same-sigh WW

X3 D2 X2

CPC | Qw = EWYIWE WES | Quo = (ple)0(ple) Qow = Pl W/, Wi
Qep = (P! DHe)* (0'Dyyp) | Quws = @'Tio Wy, BH

CPV | Qy = /KWy IWe Wt Qi = Pl Wh,wm!
prﬁ_f;B = pirlyp Wiulfv*"”

e

I h + (w — channel) -+
|

Decompose W+W+ — W+W+ process into helicity amplitudes and derive analytic expressions
for cross sections in the presence of dim-6 operators (on-shell approximation)

1 1 1 1 1
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85 8.0 &0 &0 8.0
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The effect of dim-6 operators on the W+W+ — W+W+ process

Analytic expressions at leading order in s from arXiv.2011.07367:
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Dim-6 vs dim-8 in W+W+ —» W+W+

LELL LLTT b
A. Azatov, R. Contino, C. S. Machado, F. Riva, arXiv:1607.05236
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Warsaw basis - all dim-6 operators potentially relevant to VBS at the LHC
from B. Grzadkowski, M. Iskrzyniski, M. Misiak, J.Rosiek (arXiv:1008.4884)
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—_
Table 2: Dimension-six operators other than the four-fermion ones.
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Warsaw basis - all dim-6 operators potentially relevant to VBS at the LHC

- omit CP-violating operators

X oY and ptD? 2t
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Table 2: Dimension-six operators other than the four-fermion ones.
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Warsaw basis - all dim-6 operators potentially relevant to VBS at the LHC

- omit leptonic operators
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Table 2: Dimension-six operators other than the four-fermion ones.
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Warsaw basis - all dim-6 operators potentially relevant to VBS at the LHC

- omit operators that do not affect the W+W+ process at LO

;{H ':I:"ﬁ and i,-:.‘fi D'.E {-!'.-‘E '[:':’H
Q’G‘ fABE"(rAu(TBp(-TE"jL
\(Q/ PRI Quo | (') (Gud)
QL Qw |= ”HH’}f”Ww:)Q-\pB (9" D*0)" (' Dup) A Qay (") (@pdrip)
}('.E (:'5'2 .ﬁ'._,LE X @ 'E,-f'.-‘g %j'}! D
Q’FG ‘15' ‘15' (- Jers ?A"W
L | doWi™ D | Gz
L. H‘ . 1.
Q’uﬁ" [:qjll'ﬂ-jw ”’T} Vj{u (Q{Fﬁl (Liﬁl e D, "‘!5'}({1'}-'"-}" fi'if‘}
Que | (30"u)EBu | Q4 | (¢ fD,L o) (@7 q,)
(th‘:‘ [fprWTAJ }'F"C i Q';:u ("i:’ ID]L "i:’} ('fl}rT Lur:}
R .
Qav | (gpotd, )" H’;fy Qea | ("D, )(dy"d,)
'Qdﬂ [:ff_p ot d, }‘:‘9 Bjﬂ.-' Q’;:url i (&T m H’j} [:ﬁp’}'*“fjr}

Table 2: Dimension-six operators other than the four-fermion ones.
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Warsaw basis - all dim-6 operators potentially relevant to VBS at the LHC
- omit gluonic operators that are well constrained by other processes
(see arXiv:1611.00767 and arXiv:1911.07866)

X4 ifi‘{i and ';:'5'4 D'.E 'i.-f'.-‘gi,-_ﬂ".!
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1 7T } pv A
Q Quw W *‘“ﬂ/) Que | (Guot T, )@ Gy,
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Table 2: Dimension-six operators other than the four-fermion ones.



Warsaw basis - all dim-6 operators potentially relevant to VBS at the LHC

Part 2: 4-fermion operators - omitting B-violating operators

(LL)(LL) (RR)(RR) (LL)(RR)
Qu Lyl ) Ly 1) Qee (Epyuer) (€7 er) Qie (Lyule ) (Ente)
ol (@) @) || Quu | () (@sy'uy) || Qu (vl (v,
| @rr'e) @ T ) || Qaa | (dyyvudy) (diyde) Qua (T vyl ) (deydy)
QL (TpYulo ) (G e) Qe (&pyper ) (s ) Qqe (G ruar) (E7"er)
QW | Gy L)@y T a) || Qu | (@e,) (doyrdy) W (@) ()
QWi | (v, (dydy) o | (@A) (@' T uy)
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Qe (The,) (dugl)
QW | (Gur)e(@dy)
Qi | (@T )z (GETAdy)
QE;LI (fﬂﬁr}%k(fﬂﬂt}
QD | Bouwer)zn@ho u,)

Table 3: Four-fermion operators.
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Warsaw basis - all dim-6 operators potentially relevant to VBS at the LHC

Part 2: 4-fermion operators - omit leptonic operators

(LL)(LL) (RR)(RR) (LL)(RR)
| @na) @ a) || Quu | () (@)
W | (@t e ) (@ ) || Qad (dypy,udy) (dydy)
Qfﬂ? (ff_:-*f}’.uf}'r:} (e er)
o) (Gp Yt ) (Tsy )
QWi | (v, (dydy) o | (@A) (@' T uy)
Qi | (@, T u ) (dey*TAdy) | Q4 | (@pyuae) (daydy)
Qui | (@I q) (dA*Tdy)
(LR)(RL) and (LR)(LR) B-violating
QW | (@ur)e(@dy)
Qi a | (@T4u,)eu(q* T dy)

Table 3: Four-fermion operators.
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Simulation work: potential impact of dim-6 operators on W+W+

e MG5 (all relevant UFOs produced) + Pythia 8 + FastJet
Study of BSM effects in kinematic distributions, for each operator the most sensitive
variable chosen

e Current experimental limits on dim-6 operators:

Non-4-fermion:
[28] S. Dawson, S. Homiller, S. D. Lane, arXiv:.2007.01296, «— include LHC Run 2 data,

[29] J. Ellis, C. W. Murphy, V. Sanz, T. You, arXiv:1803.03252 dim-6 only (no (dim-6)* terms)

4-fermion:
[30] O. Domenech, A. Pomarol, J. Serra, arXiv:1201.6510, — early LHC dijet data (enough)
[31] CMS Collaboration, arXiv:1703.09986

e Operators for which experimental limits are not available:

Q_quqd(1), Q_quqd(8) — no sensitivity up to the strong coupling limit,

Q_uW, Q_uB, Q_dG, Q_dW, Q_dB ("dipole operators") — claimed to be strongly
constrained in [29] and A. Falkowski http://cds.cern.ch/record/20019587?In=pl,
in addition no sensitivity to Q_uB and Q_dB, while Q_uW, Q_dG and Q_dW
affect mostly jet distributions,

Q_phiud — affects mainly jet pT,

Q_qq(3) is identical to Q_qq(1) assuming flavor-diagonal Wilson coefficients. o


http://cds.cern.ch/record/2001958?ln=pl
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Potential impact of VBS dim-6 operators on W+W+

Current bounds taken from [28]:

fW ftpD ftpD ftpW
“individual” || [-0.15,40.36] | [-0.44,40.52] | [-0.025,40.0015] | [-0.014,4-0.0068]
“global” 1.3,41.1] | [-3.4,42.4] -2.7,4+1.2] -0.14,+1.6]

Correlation matrix from [29]: negligible to mild correlation between operators of interest

Q_W: significant effects possible at the HL-LHC even with "individual” bounds

o of events T of events

: fw = +0.36 TeV-2

1000} 4| 5 1000

>> 5 sigmal

100

10

Logoloq]

1.5 2.0 2.5 3.0



Potential impact of VBS dim-6 operators on W+W+

Q_phiW and Q_phiBox: significant effects possible at the HL-LHC
if current "global" bounds are considered

H of events Hof events
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Summary and conclusions

1. "Full clipping" method to set limits on SMEFT dim-8 operators is under implementation
in the analysis of Run 2 data.

2. For most dim-8 operators the limits are already physical, i.e., stronger than the limits
coming from pure theory (unitarity conditions), but only for relatively low values of
the cutoff parameter A - typically below 2 TeV.

3. The potential impact of all dimension-6 operators in the same-sign scattering process
have been studied, taking into account the current experimental limits from other
processes.

4. The answer to the question whether we can safely ignore dim-6 operators in VBS
analyses at this point seems to be no. Particularly large effects are possible from Q_W.
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Coefficient | Individual Limit (95% C.L.) | Marginalized Limit (95% C.L.)
Cuws [—0.005, 0.0025] [—0.61, 1.25]
Cup [—0.0253,0.0015] [—2.7.1.24]
Cun [—0.4390, 0.5150] [—3.41, 2.44]
Cu [—19.7.6.2] [—23.4, 20.2]
Cu [—0.0039, 0.0207] [—0.0842, 0.0351]
ci [—0.029, 0.042] [—0.228,0.116]
i) [—0.099, 0.0146] [—0.183, 0.167]
cl}) [—0.0043,0.0120] [—0.296, 0.689]
ct [—0.0119, 0.0029] [—0.142, 0.220]
Citu [-0.076.0.087] [—0.791,0.535]
Cid [—0.165, 0.0540] [—0.806, 0.132]
Clre [—0.0126, 0.0094] [—0.620, 1.350]
Cw [-0.15.,0.36] [—1.28, 1.11]
Cue [—0.0027,0.0032] [—0.0164, 0.0083]
Cuw [—0.0143, 0.0068] [—0.141, 1.63]
Cug [—0.0043, 0.0020] [—0.4490, 0.731]
Crii [—0.0154, 0.0269] [—0.0297, 0.0382]
Chr [—0.131,0.0723)] [—0.134,0.132]
Cin [—1.0900. 0.625] [—7.35, 3.64]
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