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anomalous Triple Gauge
Coupling (aTGC)
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In terms of dim-6 operators
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aTGC in VV process and noninterference
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Helicity selection rule: total helicity should match
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Similarly for t-channel diagram
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Noninterference in VV process

Helicity selection rule: total helicity should match
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The correct picture is that, in fact, they do
interfere in a full amplitude
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Noninterference in VV process
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CMS 138 fb (13 TeV)
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Resurrection of interference
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We newly add
2-to-4 dilepton + 2 jets
to the list as a new way of resurrecting interference

Hwang, Min, Park, SON, Yoo arXiv:2301.13663
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Interference resurrection in the total cross section



Effective W Approximation (EWA)

: factorization. Total result ~ treating W as on-shell and convolute xsec with W POF

p / Time interval during which E

virtual W can not be At
' distinguished from on-shell W V2

P-
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Interaction scale of t ~—
hard-process
V : Virtuality of W boson
V2 =m? — g2 .
E : Energy scale of hard-process
=m? — (p - p)’

Relevant phase space for EWA
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Apparent 2-to-2 process seems
to be subject to noninterference.



Interference resurrection

With quark currents attached to
both vector bosons, interference
seem to be recovered

SM diagram unsuppressed BSM diagram
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Order-one effect from
t-channel type (enhancd
soft phase space) ?

Many radiation type diagrams




Analytic study of

resurrection of interference with a toy process

: analytic calculation of 2-to-4 amplitude is
extremely challenging, maybe impossible
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2-to-3 process is
analytically calculable

Replace one W with y for simplicity
— only one type of the gauge boson



Calculable 2-to-3 toy example

: better to understand structure

SM diagrams BSM diagrams
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In the unitary gauge
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One can choose a gauge where these two diagrams are trashed, but they are
Important to get correct high € behavior and satisfy Ward identity in general.



Toy Example - k +
: 2-to-3

k* = (2V3,0,0,(1 — 2)V§)
¢ : equivalent to the azimuthal

z : fraction of energy flowing angle of the forward quark

into v system

1. For W mass window 2. Off-shell region away from mass window
Narrow width approximation applied
[k2=mi, = (2z—1)§ ~mi ] [k2=m3, = (2z— 1§ » m% ]
d d
u =1 u i
- _12 Recoiled quark - . .
+1 +1
+1 +1 -1
i Boosted on-shell V H off-shell V 1
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Toy Example
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1. For W mass window [ k? = m3, = (2z — 1)§ ~ m&, |

Narrow width approximation applied

For § >» m¥,

dosmxgsm 1 4, meg

2 y
i "5 3wl !cos(2¢) (2 —log %M

dp  4512m* 6 md Ty

2. Off-shell region away from mass window [k? = m%, = (2z — 1)§ » m?, ]
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y C kM= (2zv5,0,0,(1 - 2)V3)
Toy Example - k +
: 2-to-3
Y 1
1. For W mass window [ k? = m3, = (2z — 1)§ ~ mZ, ]
Narrow width approximation applied

For § >» m¥,
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dp  45127* 6 md Ty

2. Off-shell region away from mass window [k? = m%, = (2z — 1)§ » m?, ]
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z : fraction of energy flowing into #v system

u %

i,l (Z\/_ 0,0,(1— z)\/g)
Toy Example
. 2-t0-3 pT(q)COShn _ 11—z 1—-2znin =5
me,, \/ZZ -1 \/Zme -1 i
Y+ \
F3
’ mev
. pr(q) < in~ 1
1. For W mass window [ k? = m%, = (2z — 1)§ ~ m% ] coshn
Narrow width approximation applied , . _
Numerical confirmation
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Derivation of EWA : factorization

Borel, Franceschini, Rattazzi, Wulzer 1202.1904
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Borel, Franceschini, Rattazzi, Wulzer 1202.1904
Derivation of EWA : factorization
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q Including only transverse polarization
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What if it is subject to the "helicity selection rule’
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Beyond the relevant region for EWA

Including only transverse polarization -
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Beyond the relevant region for EWA
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2-to-4 dilepton + 2 jets

Numerical Result
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CMS-SMP-16-018

Electroweak production of two jets in association with a Z
boson in proton-proton collisions at /s = 13 TeV

Our validation CMS-SMP-16-018
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DY Zjj (pythia8)
EW Zjj (pythia8)

5454 (5363:48) 13962 (12938+81)
146147 (1527504510) 373731 (394640+880)

2639 (2833+10) 6328 (6665-16)

‘ Initial cuts

pT(fl) > 30 GeV y
pT(jl) > 50 GeV ,

pr(ls) >20 GeV , |n(p)| <24,
pr(j2) > 30 GeV , |n(j)| < 4.7,

|mZ — mgg| < 15 GeV

mj; > 200 GeV .

* Note CMS analysis consider

only events in Z

mass window
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Interference can be accessed through

do /d¢
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Control Hardness of the process
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Summary

EW dilepton process can access a wider phase space beyond the EWA
limit and resurrect the interference in the total cross section, as
opposed to the differential cross section

Soft-phase space enhanced interference (t-channel)

Our toy process provides an explicit analytic understanding of the
above feature

We proposed a new variable controlling the hardness of the subprocess,
namely VBFhardness

Might be useful for any VBF-process



On the sensitivity of aTGC

In Z mass window

pT(fl) > 30 GeV y
pT(jl) > 50 GeV s

pT(e2) > 20 GeV s
pT(jz) > 30 GeV y

Imz — me| < 15 GeV|,

m;; > 200 GeV

0.06 s =\13 Te\ll,35.9 fb A ] 0.15f Ns =13 Te\yl,35.9 fb 4]
95% CL 95% CL
0.04f -- lesc% cL ] 0.10f --i 68C% CL
5% CL (BDT >0.6) 95% CL (BDT >0.6)
0.02f % CL (BDT >O.G)7 0.05F =q==- \68% CL (BDT>0.6)]
& 0.00 & 0.00 (L )
-0.021 -0.05F —t ,
-0.04] o0t /
_0 061 /
0.06 ol
02 -01 00 01 02 02 -01 00 01 02
6g1,z 6g1,z
Off-shell region away from Z mass window
pr(f) > 30 GeV, pr(f) >20 GeV, |n(u)| <24, I[n(e)|<2.1
pr(ji1) > 50 GeV, pr(j2) >30GeV, [n(j)| <47,
m;; > 200 GeV .
o - o , , ,
0.06] s =13 TeV, 369 fb ] Vs =13Tev, 359 fb !
5% CL 95% CL
0.041 =L 8% CL ] -2 N R 68% CL
e : TN CL (BDT>0.6) 95% CL (BDT >0.6)
0.020 :,' - ‘sg\% L (BDT>0.6) ] T 68% CL (BDT>06) ]
< 0.00 &0
-0.02} b
-0.04}
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-0.06}
L L L L -3V 1 1 1 1 L
02 -01 00 01 02 10 05 00 05 10 15
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In(4)| < 4.7,
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Practical relevance of EW dilepton process ?

Di-boson
CMS Wy L = 138 fb -1 Table 4: -Best fit Vah.les. of Capy a.nd corljesponding 95% CL confidence intervals as a function of
the maximum p] bin included in the fit.

: (@) CERNEP2021.219 pT cutoff (GeV) Best fit Cyyy (TeV~2) Observed 95% CL (TeV ) Expected 95% CL (TeV~2)
CMS, S 2022/03/11 SM+int. only SM+int.+BSM SMu+int. only SM+int+BSM SM+int. only SM+int.+BSM
S\ 200 —0.86 —0.24 [-201,038] [-0.76,040] [-1.16,127] [—0.81,0.71]
am! 300 —0.25 —0.17 [-0.81,0.34] [-0.39,028] [-0.56,0.60] [—0.33,0.33]
CMS-SMP-20-005 500 -0.13 —0.025 [-050,0.25] [-0.15,0.12] [-0.35,038] [-0.17,0.16]

800 ~0.20 ~0.033 [-049,011]  [-0.10,0.08]  [-0.29,0.31] [—0.097,0.095]
1500 -0.13 —0.009 [-0.38,017] [—0.062,0.052] [-0.27,029] [—0.066,0.065]
Measurement of W+ differential cross sections in
proton-proton collisions at /s = 13 TeV and effective field i ] k
theory constraints CBWEijkVV[,LVVVVpVVPM In Warsaw basis

Csyw = [—0.062,0.052] @ 95%CL
VBF EW dilepton

. _ -1
CMS Z (31‘0) + 2] L=3591fb Coupling constant ‘ Expected 95% CL interval (TeV_z) ‘ Observed 95% CL interval (TeV_Z)
[ S 28 cwww/A2 | [-3.7,3.6] | [—2.6,2.6]

Ch;[\é-éMP;lﬁ—018 CWWW

A2 Tr(V/l\/ﬂvV/lZ/p VTIPH) Hagiwara et. al. (HISZ basis),

Degrande et. al.

Electroweak production of two jets in association with a Z

boson in proton-proton collisions at /s = 13 TeV c 3 .
— wwwd €:: Wi W] Wk C —
— T apz CukwWypWpu = L3y = 4

| _ 1
cassuming138 ™+ 5 o5 012007 X —— = [—0.13,0.13

Our recasting is 3 x weaker than CMS VBF EW dilepton. Remains to be settled down.



