Bounds on QGC’S in HEFT
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- The simple answer is that TGC’s and QGC'’s are fixed by the SM gauge symmetry SU(2); @ U(1)y

- TGC'’s are needed to cut-off the high energy behavior of ff — WT™W~—
- QGC'’s are needed to regulate the high energy behavior of WTW~™ — WTW~

/ Forward jet

/ \
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\ /

\ Forward jet

- But there is more! The VBS process WTW~ — WTW™ is a window to EWSB sector
- Basically, longitudinal W and Z are manifestation of the Nambu-Goldstone bosons of EWSB
* At high energy this process violates unitarity when we ignore the Higgs contribution.

 Departures from SM signal a more complex EWSB sector.
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- But there is more! The VBS process WTW~ — WTW™ is a window to EWSB sector
* At high energy this process violates unitarity when we ignore the Higgs contribution.
- Basically, longitudinal W and Z are manifestation of the Nambu-Goldstone bosons of EWSB

 Departures from the SM predictions signal a more complex EWSB sector.



- Higgs boson /1 does not belong to SU(2) doublet

* Non-linear realization of the SM gauge symmetry

- Global symmetry SU(2); @ SU(2)p broken to SU(2); . p
+ Building block: bi-doublet  U(x) = ™™l Ux) » LUX)R'

J o
- Its covariant derivativeis D, U(x) = 0,U(x) + ig%W/ft(x)U(x) li B, (x)U(x)o; .

» VVector and scalar chiral fields Vﬂ — (DﬂU) UT A U03UT

V,—-LV.L" , T— LTL"

« Some basic structures are

. - )
1
Tr |TV | = iiZﬂ and Tr|VV|=-2 (—Z Z,+ W, W, + WjW;)
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» As any expansion, we need a power counting rule to organize the expansion
» Chiral dimension + need for counter terms + finite loop corrections [Brivio et al. arXiv:1604.06801]

| A Tol™ drg Yo [ 4741 g N
. Suppression factor by NDA: —
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» The LO lagrangian is

I I I V2 v’
Z03 = Wi, W = 2B, B + =0,hd"h = V() = —=T(V,V*) F (h) + —= TTV¥] T(TV,] F1(h)
h o h?
with F y(h) = 1 + 2ay— + by— + ...
Y, 2

. HEFT at NLO (O(p™)) contains 26 CP-even bosonic operators [Alonso et al. arXiv:1212.3305]

- Genuine QGC’s appear in NLO (O(p*)).



» There are 2 operators conserving P and C and respecting SU(2) - Alonso et al. arXiv:1212.3305]

Po= TIVFVITIVVIFh) . Py = TIVFVITV,V,IF (k)

- and 3 additional C and P conserving operators that violate SU(2) -

Py = T[VFV I(TITV,1)*F 53(h)
Py = TVFVII T[TV | TI[TV, ]F 4(h)
P = (TTV, I T[TV, ])*F 56(h)

p) 1 4 Ny Ny
Tr [TV] _ liz and Tr [Vqu] — —gz ( Z7Z,+ WiW, + WjW;) A [0] [47:45] [4nA] [4 A]
T

Cyw & e 1672 | A

14



» There are only five possible Lorentz structures at order @(p4)

zZt Wrzrwyze WiwTRZZE WEWTEWEIWSY WEWHEWI W

PV / /
P, / / /
Py /
P4 4 v
P
* There is no vertex containing photons at NLO!
Z Z:cjc = Z Ipi;

1=6,11,23,24,26



QGC’s in HEFT

. At order O(p®) there are additional building blocks: B, W,.92,=DV,+D)V,

* |n total, there are 70 operators at this order [see O.E., C. Gonzalez-Garcia arXiv:1604.03559]

» At this order we have operators containing photons as well, e.qg.

=6 __ /2 o
?7’5’3 =—-g" B, B T[V'V,]

Tt =— g2 W[ W, W VeV,

Tr=8 = ig Tr{TW ,) T[TD"| T{TV*] T[TV,]

- Operators with 4 field strengths appear only at order O(p®)



- Anomalous QGC give rise to growth of the cross section at high energies

* We can obtain the partial wave unitarity limits for the channels [aimeida arxiv:2004.05174]

(Q,J) | States

2,0) |WIWE WaWg

(2,1) | WIWE Wiwgy W,SWIE

0) | WiZe Wil

1,1) | WrZo WiZo WgZe WiZs

(0,0) | WIWL WIWs ZiZ Z0 2

0.1) | W W, WIW, WoWy WiW: ZiZy ZoZs

X = €08 Oy

WIW+ > W+
Wt7Z - WtZ
WHW— — W+Ww-
WTW— = ZZ
L0 — L/

(5+X) frpi1+2(1+X) fpe)/16
(0+3X)fr11—2(—1+X) fros+5fproa+3X fpoat+2fpre—2X fpe)/16
("+5X) fr11 —2(-5+ X) fpe)/16
(fp11+ X fr11+4 fpos+ froa+ X froa+4 fre)/(8V2)
(B+X)(frpi1+2fpos+2fpos+4fros+ fre))/8
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HEFT QGC unitarity limit

. Imposing the unitarity condition | TJ(VI/I V2/1 — Vu V2,1 )| < 1 the most stringent bounds comes from J = 0
| 2 | 2

Wilson 1 operator R all 5 operators
Coefficient For /s < 1.5 (3) TeV For /s < 1.5 (3) TeV
fre 12m0” o2 2.6 (0.15) x1073 67 vl s 14 (0.85) x103
fpail 127 vy g2 3.9 (0.24) x1073 6muvts? 14 (0.85) x1073
| fp.2s] 2(VA545) mo? o2 17 (1.1) x1073 | ¢TH23mel =2 | 98 (1 8) x10~3
frosl | 6(B3VB+5)mvisT2 | 8.7 (0.54) x107* | gUSEYITY - 418 (3.0) x10~4
|/ p,26] P 1.4 (0.08) x10~* 6 vt 52 1.2 (0.27) x10~4
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» In SMEFT # is part of a doublet ® and the SM gauge symmetry is realized linearly

v , UD® , UW,U"

+ The building blocks for the quartic interaction are D, @ and field strengths V

o0
» The effective lagrangian is organized as Ly =L+ Z

o,

n=>5

An—4 "

. TGC and QGC are connected by gauge invariance at dimension six, €.9. Oy = GIJKWLWé”WK“”

» Genuine QCG appear only at dimension eight

* The operators containing just Higgs covariant derivatives are

12

¥
@S,O — [(D//tq)> DU(I)

+
@S,l — [(D’MCI)) D'uq)

+
@S,Z — [(DM(I)) DI/(I)

X

X

X

(D*®)' DY®

(D,®) D@

(D®)" Drd




» There are 8 operators containing Higgs covariant derivatives and fields strengths like

@M,ZZ BIMUB'MD X

(Do) T Dﬁcb]

- The HEFT equivalent of these operators are of order @(p6)

* There are 10 operators containing only fields strengths like

@T,S — l'e W\ﬂyw\ﬂy X BaﬁBa'B

- The HEFT equivalent of these operators are of order @(pg)

- It is not possible to map the SMEFT results for S operators into HEFT: 5 X 3 operators

pa e

 For restricted analyses it is possible to use that 9’6 — 1_6@ S1 > P 11 — 3_2 [@S,O T @S,z]

13



SN NN NS

WiZ'W,Z"
v/

v/

W Z'W,Z"
v/

v/

WiW=HZ,7"

v/

WW=+Z, 7"
/

v

14

WHWHWF W

v
v

WHWHWF W
/
/

WHWHHW, W

v

WHWHHW, W

v/



O.E., M.C. Gonzalez-Garcia, M.Martines [arXiv:2311.09300]

- In HEFT, aQGC's contribute to the VBS channels W=W=jj ,\W*Zjj and ZZjj
 We fitted the following data

Channel (a) Data set Int Lum | Data # bins || Ps P11 Paz  Poa Pog
ZZ57 = 0T84 44 CMS 13 TeV 137 th= | My, 6 v o v v v v
WEW=45 — 0=vl’*vj5 | CMS 13 TeV 137 fb=t | MW 5 ve v X X X
WZij5—= 00 0'vjg CMS 13 TeV 137 fb=1 | Mj“ 3 v v v Y X
ZZ757 =0T 01049 ATLAS 13 TeV | 140 fb~! | My, 4 v o v v v v

- We used FeynRules @ MadGraph5_aMC@NLO & PYTHIA8 &€& DELPHES & FASTJET
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» As expected, the talil of the distributions are modified
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- We performed our statistical analyses building a )(2 function for each channel
» To test, we performed using dimension-eight SMEFT operators

- We didn’t have the correlations of two-dimensional distributions

» We used the one dimensional distributions to perform the fits

 QOur results were slightly weaker than the ones obtained by the collaborations

 Finally we combined the different datasets

> 9 > y >
XGLoBAL(Ce C115 €3, Coss Cop) = X7z oms T Xww.oms T Xwzoms T X7z ATLAS
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- Using just the two operators that conserve the custodial SU(2)

ATLAS 77jj
CMS 7Z7Zj;
CMS WZjj
CMS WWj;j
—— All channels

1o ATLAS ZZjj
26 ATLAS ZZij

16 CMS ZZjj
26 CMS ZZjj

1o CMS WZjj

26 CMS WZjj o At 95% CL
16 CMS WWijj

26 CMS WWij

1o All channels

26 All channels —0.0050 < C6 < 0.0049 :
3.0 0.0 2.5 50 7.5 10.0
~0.0034 < C;; < 0.0035




19

- Combining all data allows to perform a 5 parameter fit

10.0

 There are large (anti-) correlations between

C6 ’ Cll ’ C23 ’ C24

102 Cag - The bounds on C¢ and C,; worsens by 4-5
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» Up to now we did not impose the unitarity limit on the theoretical predictions

- For illustration, we introduce a cut-off on the COM energy my» < E- of the theoretical prediction

bounds degrade by a factor 3-10

Coefficient

bounds degrade by a factor ©O(10)

4
-
2
—
4=
Qv
@)
O

205 10 15 205 1.0 15 2.0

E. (TeV) E. (TeV)
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- Genuine aQCG’s appear at NLO in HEFT while in SMEFT they appear only at dimension eight O(1/A%)

 There are just five operators at NLO in HEFT
 HEFT and SMEFT aQGC'’s can not be directly mapped without hypothesis

.In a scenario conserving SU(2) - the limits are of the order of the NDA estimate = ~ (0.006
T

- Some unitarization methods require the knowledge of C and C to generate resonances
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- Genuine aQCG’s appear at NLO in HEFT while in SMEFT they appear only at dimension eight O(1/A%)

 There are just five operators at NLO in HEFT
 HEFT and SMEFT aQGC'’s can not be directly mapped without

1
imate -~ 0.006

.In a scenario conserving SU(2) - the limits are of the order, v
T

- Some unitarization methods require the knowledge O generate resonances

21



Final thoughts
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