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Why FCC-hh and why dibosons?

@ To push the field of particle physics to the next energy frontier beyond
HL-LHC — increasing possible mass probe of BSM particles by an order of

magnitude

@ To push precision by several orders of magnitude thereby constraining EFT
couplings and gauging the presence of possible new physics effects

e Diboson (WTW~, W*Z,ZZ W*~) searches — TGC and QGC couplings

@ Higgs-strahlung (Zh, W*h) searches — TGC, VVh, and contact (qE;(/)Vh)
interactions [See talks by Ang Li and Giovanni Marchiori for Zh in eTe™
colliders]

o Di-Higgs (hh, hh + j, hh + jj, tthh) searches — Higgs trilinear, Higgs quartic,
tthh couplings [See slides by Michele Selvaggi, Jorge de Blas, and Ennio
Salvioni]

[For top-Higgs interplay and global fits see talk by Eleni Vryonidou]

Shankha Banerjee (CERN) 6" FCC Physics Workshop, 22-27 January, Krakéw



Cross-section growth with v/3 in VV, Vh, hh

oLo(pb) onLo(pb) ONLO + Oge(pb) oNNLO(Pb)
100 TeV
ZZ — ete ptps 029 0.37 043 0460 (F39%)
WW — evy 10.0 13.4 144 158 360
WZ — evptp~ 11 22 - 238+2.3%
27 TeV
7Z — eteptu- 0.058 0.080 0.090 0.0952 (390
WW — vy 2.1 3.0 32 346 (350
WZ - evptp~ 0.23 0.42 - 0.483+2.1%
gz~ H VBF WH ZH ttH HH
Nioo 24 x 10° 2.1 x 10° 4.6 x 108 3.3 % 10° 9.6 x 10° 3.6 x 107
Nioo/Nia 180 170 100 110 530 390
N7 2.2 x 10° 1.8 x 108 5.1 x 107 3.7 x 107 4.4 x 107 2.1 x 106
Nor/Nis 16 15 11 12 24 19

o For WHW=(W%2Z), there is a growth of ~ 8.7(9.5) when going from 14
TeV to 100 TeV in the SM. For ZZ, it is ~ 9.6.

[FCC Physics Opportunities: CDR; 2018]
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Cross-section growth with v/3 in hh + X

1100 TeV](fb) 0127 TeV](fb)
22 — HH 122 % 103 £99% £2.4% + 4.5%,, 140 £13% £2.5% % 3.4%,,
HHjj 80.5+0.5% % 1.8% 1.95 2% +2.4%

WHHH 47+ 1%+ 1.8% 037+0.4% +2.1%
W-HH 33+£4% £ 1.9% 020+ 1.3% +2.7%

ZHH 8.2+ 5% £ 1.7% 0414 3% = 1.8%

(iHH 82.1 £ 8% = 1.6% 0951 7% £3.1%

o(pp — HH + X) [fb]

My = 125 GeV. gg —~ HH

1000

5D
O Qc

100 _ad — I}quﬁ
Loac® " qa/gg — ttHH
.
10} 1o ac? = 1
© QD s aq’ —+ WHH
NNLO e qq — ZHH

[]1 L 1 L 1
1325 50 75 100

V5 [TeV]
[FCC Physics Opportunities: CDR; 2018], [Baglio, Djouadi, Quevillon; 2015]
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EFT motivation

@ Many reasons to go beyond the SM, viz. gauge hierarchy, neutrino mass, dark
matter, baryon asymmetry etc.
@ Plethora of BSM theories to address these issues
@ Two phenomenological approaches:
o Model dependent: study the signatures of each model individually
o Model independent: low energy effective theory formalism
@ The SM here is a low energy effective theory valid below a cut-off scale A
@ A bigger theory (either weakly or strongly coupled) is assumed to supersede the SM
above the scale A

@ At the perturbative level, all heavy (> A) DOF are decoupled from the low energy
theory [See Dave Sutherland’s slides on SMEFT versus HEFT]

@ Appearance of HD operators in the effective Lagrangian valid below A

L=ra+>3 Af;4of’

d>5 i

Shankha Banerjee (CERN) 6" FCC Physics Workshop, 22-27 January, Krakéw



SMEFT motivation

@ Precisely measuring the Higgs couplings — one of the most important LHC
goals and that of the FCC-hh as well

@ Indirect constraints can constrain much higher scales S, T parameters being

prime examples

@ Q: How well does the FCC-hh compete with LEP in constraining precision
physics?
A: From EFT correlated variables, LEP already constrained certain
anomalous Higgs couplings — Z-pole measurements, TGCs
Going to higher energies in FCC-hh is the only way to obtain newer
information after the HL-LHC

@ EFT techniques show that many Higgs deformations aren’t independent from
cTGCs and EW precision which were already constrained at LEP — Same
operators affect TGCs and Higgs deformations

Shankha Banerjee (CERN) 6" FCC Physics Workshop, 22-27 January, Krakéw



Diboson and Higgs-strahlung in SMEFT

Opn = (H'H)O(HTH)
Oup = (H'D,H)*(H'D,H)
Axd
Opy = iH' D, Hugy ug

> -
Opq=iH'D,Hdpy"dg
“
One =iH'D,Hepy'er
0 _iHgtD O
Oyg = iH'DyHOY'Q

(B) _ iprt asy mrAaamn
OHQ—ZHU D, HQo"v*Q

oY) — gD, HIywL
HL — " Y

g P
O =iH"0"D,HLoy*L

Oy = |H|*B,.,B*
Opwp = H'o"HWS, B
Opw = |H|*W,, WH"
Onp = |Hf B, B*
Oy = Hic"HWS, B
Oy = [HPW g, Wanv

0y, = |H|*(QsHbg + h.c.)

Operators in the Warsaw basis contributing to anomalous q3\) = WV, Vh

processes
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Diboson and Higgs-strahlung in SMEFT

Wz

\)
> -

“H g

[Franceschini, Panico, Pomarol, Riva, Wulzer; 2017], [SB, Gupta, Reiness, Seth, Spannowsky; 2020]
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h
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Diboson example: W*Z

[Franceschini, Panico, Pomarol, Riva, Wulzer; 2017]
@ Process: pp — WEZ + jets — w'l' + jets with £,0' = e, 1
@ Low reducible background. Systematic uncertainty of 5% considered

@ LO matched with one extra jet
(3)
@ Sensitivity of high-energy primary 323) = 4CMLZL
studied at various energies
@ Result: HL-LHC, 3 ab=1: a{¥) € [~4.9,3.9]10~2 TeV~2 and FCC-hh, 20 ab—1:

a) € [-7.3,5.7]1073 Tev—2

("Weak” "non-universal” theories) is

0.500 .
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Differential in Energy: pp — Zh at high energies (Contact

term) at HL-LHC

@ We study the impact of constraining TGC couplings at higher energies
o We study the channel pp — Zh — (1~ bb

o The backgrounds are SM pp — Zh, Zbb, tt and the fake pp — Zjj (j — b
fake rate taken as 2%)

e Major background Zbb (b-tagging efficiency taken to be 70%)

@ Boosted substructure analysis with fat-jets of R = 1.2 used

Cut-off

B Zh (EFT)
W Zh (M)
u Zob

2 1 Zjets I Cuts [ Zvb [Zh (SM) ]|
£ At least 1 fat jet with 2 B-mesons with pr > 15 GeV 0.52 0.79
2 5 2 OSSF isolated leptons 044 | 048
80 GeV < My, < 100 GeV, prec > 260 GeV, ARy, > 0.2 | 0.83 | 0.84
10 At least 1 fat jet with 2 B-meson tracks with pr > 220 GeV | 0.85 | 0.94
5 2 Mass drop subjets and > 2 filtered subjets 0.88| 0.92
2 b-tagged subjets 0.35| 0.40
0 0 00 115 GeV < mp, < 135 GeV 0.180| 0.50
My (GoV) AR(bi, (;) > 0.4, By <30 GeV, |yn| < 2.5, prjyz > 300 GeV| 0.31 | 0.55
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Bounds on Pseudo-observables at HL-LHC and FCC-hh

HL-LHC: @ 95% CL
gy € [-0.004,0.004]
gl € [-0.001,0.001]

(300 fb~1)
(3000 1)

Directions: (£ = v2/A2) [Araz, SB, Gupta, Spannowsky, 2020]

[(—0.04 ¢ + 1.4 ¢ + 0.1 cur — 0.03 car)é| < 0.003

hteyy
9zp €

& VBF)

(=018 cly + 1.3 &) +03 cur — 0.1 car)é] <0.0005 (2]

e <0.0004 (W
—0.0004 < e <0.0003  [W2Z]

FCC-hh: @ 95% CL

€ [~0.00051,0.00054] ([—0.00021,0.00023]) with 5% systematic uncertainty.
€ [~0.00047,0.00049] ([—0.00016,0.00017]) with 1% systematic uncertainty.

Our 14 TeV projection

[~0.001,0.001] ([—0.0004,0.0004]) with 1% systematic uncertainty at 3 (30) ab ™.

LEP Bound

Our 100 TeV Projection
sgf +0.0003 (£0.0001)
Jgd} =+0.0003 (+0.0001)
5g5L =40.0005 (+£0.0002)
aij +0.0015 (£0.0006)
5g1§ +0.0005 (£0.0002)
Shiny =+0.0035 (+0.0015)
J +0.0035 (40.0015)
w +0.0004 (4-0.0002)
% +0.0035 (£0.0015)
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+0.002 (40.0007)
+0.003 (40.001)
+0.005 (40.001)
+0.016 (40.005)
+0.005 (40.001)
+0.032 (40.009)
+0.032 (40.009)
+0.003 (40.001)
+0.032 (40.009)

—0.0026 =+ 0.0032
0.0023 =+ 0.002
—0.0036 == 0.0070
0.016 =+ 0.0104
~0.0007C 043
—0.016+, 85
0.0004 + 0.0007
—0.0003 == 0.0006
0.0000 + 0.0006

[SB, Englert, Gupta, Spannowsky, 2018] LEP bounds: [Falkowski, Riva, 2014], [Baak et al., 2012], [Barbieri, Pomarol, Rattazzi, Strumia, 2004]




Map between bases: Zh case

contact interaction h%

EFT directions probed by high energy ff — Vh production

‘Warsaw basis [1]

BSM primaries [2]
SILH Lagrangian [26]

Universal observables 2y 15 (8k, —
W

oy

High energy primaries [20]

2m2
_2my,
Yoy

2 (1Tle = Thed + (1/2 = [T{)ey)

LY 515, B, + 28gF = (Tf 3, +Yys3, )0

m3,

ﬁ-(ZT ey - 2tg Yitp)

oy I

S+v)- (chg + Y53 )8t — 2L wa

1 3
(17{lay - éaé’ (1/2=|7{)ay)

Here ¢y = cy + cyw — cow and &

[SB, Englert, Gupta, Spannowsky, 2018]
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Zh — (0~ (vv)yy at FCC-hh

FCC-hh 100 TeV 30ah™"

FCC-hh 100TeV 30ab7" cl})

1 1
‘ LHC Run 1 )
0]
0.01 0.1
A=1TeV A= 1T N
OIS 50 0 PTG 510 50
M [TeV] M [TeV]
FOC-hh 100 TeV 30ab™ e[ = e = 0(2ZR) FCC-hh 100TeV 30ab™" M = ¢ = 0(Zh)
1
.
o1 HL-LHC oo
0.01 0.01
Fa=imy A= 1Ty
0.001 TR
05 5 051 T 50
M M) Single-operator analysis (growth $)
A2
3 2 zd _ 2
)= 47712 g ( —cy 5g1z>
) (6 vt ogfd 4 - (zg‘,an. - s‘“éqh))
Cou = e (Jgn + E tﬁém‘ - sﬁdglz))

A P 1
Cpd =— mﬁz (591Z1d -3 (365 — 9w5‘71Z))

[Bishara, De Curtis, Rose, Englert, Grojean, Montull, Panico, Rossia; 2021]
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Wh — lv~y~ at FCC-hh

FCC-hh 100TeV 30ab™" (cow = c 7 = 0)

(3)
v

0.001 L

Single-operator analysis (growth §, longitudinal) [Bishara, Englert, Grojean, Montull, Panico,
Rossia; 2020]

FCC-hh 100 TeV 30ab™"

03— 1%Syst. FR
0.25)

— 5 %Syst.

2E 10 %Syt

(growth V'3, profiled over Oﬁé transverse)

7 January, Kra
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Top interaction with Higgs and EW bosons (FCC-hh)

Ztrtr, hZtgrtr poorly constrained from LEP via Z-boson decays

@ Understanding top couplings to EW bosons is well-motivated as top and its partners can
play crucial role in EWSB by radiatively contributing to the Higgs potential

@ Atop partners ~ O(TeV) from naturalness considerations — Sizeable indirect effects

@ In composite models, integrating out top partners can lead to the following operators
oW —il'BHQ QL OF), = ill'e™ D HQ0""Qy Oy = iH''D , Hipy tn

@ Operators involving left-chiral fermions deform both Zbb and Ztf — constrained by
Z—pole and TGCs

@ Ouyy, is unconstrained. Expanding in unitary gauge

OHtR _ 9‘02

2h  h? _
A2 ——2(‘9 A2(1 + 7 + E)ZHtR'YutR
“Ow

[SB, Gupta, Jain, Mangano, Venturini; in preparation], Les Houches 2019 WG report
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Top interaction with Higgs and EW bosons (FCC-hh)

@ In SM, 0 _ssnz ~ 1.5(130) fb at 14 TeV (100 TeV). With mz, > 1.5 TeV
Ogg—tinz ~ 3.6 fb at 100 TeV — Potential to study fully leptonic final state

@ Final state: 4 b-tagged jets, 3 leptons, 2 light jets and £

@ Backgrounds, viz., tth+ jets, ttZ+ jets, tthbb, ttZbb, tthh, ttWZ+ jets, VVV+ jets,
WZbb+ jets

@ Treating SM tthZ as signal, S/B ~ 0.20 and preliminary bound on |ghz:,| ~ O(1073)

—— Oint/lOsm @ 27TeV
E 3 Tint/Osm @ 100TeV
n
1 2f
Q.
a2
=
g1
.bE
0 ——
500 1000 1500 2000 2500 3000
mzh [GeV]

[SB, Gupta, Jain, Mangano, Venturini; in preparation], Les Houches 2019 WG report
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Di-Higgs + jet at FCC-hh

SB,

Observing the Higgs self-coupling at the HL-LHC seem difficult at the

moment
Di-Higgs cross-section increases by 39 times going from 14 TeV — 100 TeV

Extra jet emission becomes significantly less suppressed: 77 times

enhancement from 14 TeV — 100 TeV collider — extra handle

Recoiling a collimated Higgs pair against a jet exhibits extra sensitivity

(decorrelates pr 4 and mpp) to Appn

Use substructure technique: BDRS [Butterworth, et. al.; 2008] with mass
drop and filtering

Englert, Mangano, Selvaggi, Spannowsky; 2018]
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Di-Higgs + jet at FCC-hh (

@ R=1.5, p’T > 110 GeV, 7-tag efficiency 70%, b-tag efficiency 70%, b-mistag rate 2%;
Combined 7,7, and 7,7p

@ Backgrounds: EW (example: HZ /v*+ jet), QCD+EW (Example: bbZ /v*+ jet), tt+ jet

Cross-section [fb]

§
T
me
2
.

T
L

Bl |

!

0 20 40 60 80 100 120 140 160 180 200
iltered

AR®® Mfitered [GeV]
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Di-Higgs + jet at FCC-hh (jbbr*77)
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Di-Higgs + jet at FCC-hh (jbbr"77)

signal [fb] | QCD+QED [fb] | QED [fb] | ¢ [fb] | tot. background [fb] s/B | S/vB, 30/ab
Ky = 0.5 0.428 0.121 39.44
Ky =1 0.363 0.95 027 231 353 0.103 33.44
Ky =2 0.264 0.075 2431

0.76 < ky <1.28 3/ab
0.92 < k) < 1.08 30/ab

at 68% confidence level using the CLs method.
[SB, Englert, Mangano, Selvaggi, Spannowsky; 2018]
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Diboson example: ZZ

@ ZZ,Z~ channels let us constrain the neutral anomalous TGCs which appear from D8
operators

@ For ZZ, relevant operators are Og,,, = iHt BW W#rD,DYH (CP-conserving),
Opw = iH B, W*PD,D"H, Oww = iH' W, W*?D,D"H, and

Ogg = iH' B, B D,D" H (Last three CP-violating) °

@ Studying one coupling at a time in the 4¢ channel, the bounds are an order stronger than
HL-LHC results in the 4¢ channel

Cow/n* Caa/A*
e/ 14 o Gy /14

115 T T T

Caw /A
Can /A
Cyw/A*

ww
Cow/A* —— |

110 |\

o (pb)
Couplings (Tev-4)

-1.5 -1 -0.5 0 05 1 15

Couplings (TeV?)

[Yilmazl, Senol, Denizli, Cakir, Cakir; 2019]
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Summary and conclusions

@ FCC-hh will be an extremely fertile ground to search for new physics including
precision physics in the diboson, Higgs-strahlung, and di-Higgs sectors.
@ For WZ production, the improvement on C,(_,3L) is ~ 85% in the fully leptonic

channel.

@ Detailed studies need to be performed for W+ W=, and W*~ at FCC-hh.

@ For Zh, the contact interactions gain improvements between 80% and 90%
(~ 50%) in the bbl*¢~ (yy£*+¢~) channel.

@ For hh+ jet, k) is constrained to 8%. Marginalising over all other relevant
EFT couplings necessary.

@ One operator at a time study of aNTGCs puts constraints of an order
stronger. Necessary to do a global analysis including contact interactions

with fermions.
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Higgs Pseudo-Observables

@ Following are some of the Higgs observables (assuming flavour universality)
hwWi, w=rv
hZ,,Z", hA, A", hA,,Z", hG,, G*
hff, W ff
hwW Fw =+
k]
hZ,fi rY" LR

@ These anomalous Higgs couplings are first probed at the LHC
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Electroweak Pseudo-Observables

@ Following are the 9 EW precision observables (assuming flavour universality)
Z,.fi RY* LR W a vyt dr
@ These couplings were measured very precisely by the Z/W-pole

measurements through the Z/W decays

@ Following are the 3 TGCs which were measured by the eTe™ — WTW™
channel at LEP
gleco, ZMWH W, — W W)

nv %

R
K~ S, AW, W,

/\7, S()WA/”/ VV/T/) wr

pv

@ Finally, following are the QGCs
ZrZVW Wk
W=rWH W Wi
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Effective Field Theory: The operators at play

@ There are only 18 independent operators from which the aforementioned

vertices ensue

Ou = %('9“|H| s Opg = g’2|HIZBu,,B“”
Or=3 (HtD“H) Ogc = g3|H|*G}, G
= AH|® Onw = ig(D*H)io®(D*H)W?,
Ow = 2 (H'o"D*H) W, Oup = ig(D*H)! (D" H)B,,
Op =% (H'D*H) 9B, Ogw = hgeasWEVWE Weon
O, = vu|H|*QuHur Oy, = ya| H*QLHdr O, = ye|H|’L Hen
O% = (iH' D, H)(ary*ur) O% = (iH' D, H)(dry*dr) | O3 = (iH' D, H)(er"ex)

0] = (zH'D H)(QL')“QL)
0P — (iH'0" D, H)(Quo"r*Qu)
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Effective Field Theory: The operators at play

@ There are 18 independent operators and many more pseudo-observables
@ This implies correlations between the various pseudo-observables

@ Besides, the following operators can not be constrained by LEP
‘H‘zGW,G‘w, ‘H|QBMVB“V, |H|2 W/fu Wanv
[HI?|DuHI?, [HI°
|H|*f_LHfr + h.c.

@ It is thus necessary to redefine many parameters, viz.,

~ ~ ~ ~ ~ ~

e(h)759w(h)7gs(h)7>‘h(h)a Zh(h)7 Yf(h)y
where h = v + h
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Higgs anomalous couplings: Dimension 6 effects

crrmary — ghoh WHEW ™ + 2%22#2,5 +gsnh®+ gy (hfLfr+hec)
Ow

+ hGG ! CAWGA T Ky ﬁAH YA + "‘thﬁw’ AY Z

h
AL, = 5gZZ2 hZ*Z, +ngf2 (Zu JN+hc)+ngf, (WFJE + hec.)
o
+ hww—n""“’n’_—i—hzz Z’“’Z

[Pomarol, 2014]

@ Higgs interactions were directly measured for the first time at the LHC
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STU oblique parameters

S, -,

422 _
o = e [n”m) . Cu

I, (¢") = Tl (0)+...
Hzy(q") = ¢ 10, (0)+-..
Izz(q?) = zz(0) + Ty, (0)+...
My () = Ty (0) + @MWy (0)+... ol =4s [“’ww (0) — €Tl 5 (0) — 2spen 1T, (0) — s3IT:, (0)}

-~ Tyww (0) B Tizz(0)
M, M3

oT

1. Any BSM correction which is indistinguishable from a redefinition of e, G and Mz (or equivalently, g4, gz and v) in the Standard Model proper at the free level does
not contribute to S, T or U.

2. Assuming that the Higgs sector consists of electroweak doublet(s) H, the effective action term 'H‘ D"H‘zl/’AZ only contributes to T and not to S or U. This term
violates custodial symmetry.

3. Assuming that the Higgs sector consists of electroweak doublet(s) H, the eflective action term H T VV""BW_,H/A2 only contributes to S and not fo T or U. (The
contribution of H B BWH/AQ can be absorbed into g and the contribution of H T T+~ W‘,,,H/A2 can be absorbed into gz).

4. Assuming that the Higgs sector consists of electroweak doublet(s) H, the effective action term (HT W‘"’H) (H‘ W, H) /A‘ contributes to U
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ZH: Four directions in the EFT space (SILH Basis)

h g my tgw
Zupu, = CT‘;-F(CW +euw — Caw — T(CB +cup — 28))
9ria, = —c‘)iw n;\—iv(cw +enw —cw + tg?“(cs + ¢ — &)
Dugun, = —4??;3"' ?—?(63 +ciB — ©2B)
W
Qéd,(dﬂ = Z;C;f,w ”;—%:(CB +cp — C2p)
.
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ZH: Four directions in the EFT space (Higgs Primaries

Basis)

84
g;ut,uL = QJgZuLuL 2691 ( 95 Copyy + eQSZBH ) + 26‘{‘79 thg“
i
ggdm = ngZdeL 2897 (!Ij Cny +€Qs0,,) + 20k,g'Ys Cg“
w
h nr 50,
gZumug = ngguﬂuu - 26912(.‘]?6?011‘ + eQSQOW) + 26'{1.9 h cg“
W

59
ggd“du = 2592&,4[1;{ 297 (9]02% +9Q520u)+2‘55-,9'yh “
0“

[Gupta, Pomarol, Riva, 2014]
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ZH: Four directions in the EFT space (Universal model

Basis)

G, = —C'%W((czw oo )691+W+t3 (8-, - 1))
Phae, = C'%(( b )sgf + W (g, - ))
Dugun = —4:%%: (5 -0k, +¢, 697 - Y)
ggdndﬂ = 2:;?“ (S bk, + ngaglz_y)

[Franceschini, Panico, Pomarol, Riva, Wulzer, 2017]
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The four dibosonic channels

Amplitude High-energy primaries Amplitude High-energy primaries
i g’zldl.dl. - gg“l.“l‘
ﬁLdL b d WLZL, WLh \/Eat(ls) uLdL - WLZLy WLh T
drur, — Wil W, @ g = Wil g
dydy — Zih G +aq dydy — Zih Zud
JLdL - Wl a(l) - a(a) drdr = Wl g’Zlumu,
drug — ZLh 1 q uruy — ZLh
frfr = WiWr, Zih ay Jrfr = WiWr, ZLh 9% fatn

VH and VV channels are entwined by symmetry and they constrain the same set
of observables at High energies but may have different directions [Franceschini,
Panico,Pomarol, Riva, Wulzer, 2017 & SB, Gupta, Reiness, Seth (in progress)]
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BDRS: An aside

—_—
filter

FIG. 1: The three stages of our jet analysis: starting from a hard massive jet on angular scale R, one identifies the Higgs
neighbourhood within it by undoing the clustering (effectively shrinking the jet radius) until the jet splits into two subjets
each with a significantly lower mass; within this region one then further reduces the radius to Rpg;, and takes the three hardest
subjets, so as to filter away UE contamination while retaining hard perturbative radiation from the Higgs decay products.

Given a hard jet j, obtained with some radius R, we
then use the following new iterative decomposition proce-
dure to search for a generic boosted heavy-particle decay.
It involves two dimensionless parameters,  and You:

1. Break the jet j into two subjets by undoing its last
stage of clustering. Label the two subjets jy, j» such
that mj, >mj,.

2. If there was a significant mass drop (MD), mj, <
pmy, and the splitting is not too asymmetric, y = In practice the above procedure is not yet optimal
min(p?, o7, ) for LHC at the transverse momenta of interest, pr ~
—’«)—‘LAR Ja > Yeut, then deem j to be the 200 — 300GeV because, from eq. (I), Ry 2 2mu/pr is

heavy-particle nelghbou!hood and exit the loop. Stll quite large and the resulting Higgs mass peak is sub-

~ h ect to significant degradation rom the underlying event

Note that y & min(pyj, prj;)/ max(Pess, Prsa)- (UE), which scales as RY; [15]. A second novel element

; ; ; of our analyss is to [ilef the Higgs neighbourhood. This

3 2“:;;“15& redefine j to be equal to ji and go back 0 LT e it on a finer angular scale, Ray, < Ry,

and taking the three hardest objects (subjets) that ap-
pear — thus one captures the dominant O (a,) radiation

The final jet j is to be considered as the candidate Higgs ~ foor) e one soiuece M oooien ) feoaeen
boson if both j and jz have b tags. One can then identify  coptamination. We find Rg = min(0.3, Ryy/2) to be
Ry with AR;,j,. The effective size of jet j will thus be  rather effective. We also require the two hardest of the
just sufficient to contain the QCD radiation from the subjets to have the b tags.
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Relevant operators

@ Dimension 6 operators which modify the Higgs self-interactions
1
Op1 = (D, 1) OOT(DFD) O, = Ea,i(cbfcp)a#(qﬂ<|>)
1 4 i % a ENTIZPS
Op3 = §(¢'¢)3 Oo4 = (D, OT)(D'®)OTO  Oce = G7,G7 DD

@ 04 /3 only modify Higgs self-couplings but O 1 /4 also modify HVV
couplings and V' masses

@ D¢ 1 contributes to mz and not to my, — Violates Custodial symmetry —
Strongly constrained by T-parameter — Neglected for collider studies

@ Redundancy amongst operators upon using EOMs = Og 2, O¢ 3 and Os 4
are not independent

e Including SM Yukawa, the operator O¢ r = (®T®)Ldfz + h.c., where

L= (ff9)" becomes relevant

@ One can remove Og 4 using EOMs — Left with (O¢ 2, O 3, O r, Occ)
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Non-linear EFT realisation

@ Many popular BSM extensions which give rise to modification of Higgs
interactions

@ Composite Higgs models assume that the Higgs is a pNGB of a strongly
coupled UV completion

@ The electroweak chiral Lagrangian best describes the low-energy effects of a
strongly-coupled embedding of the SM

L£oVX S vy + & go g (1" 1 L, 1
B ()+487r2 py =2 gv+22gv2+“.
Vo ogi h h? } yiL'IUJI'?
- —(gpd)x|14+c—+c—+--- U1 + h.c.,
AR { v y§dg

with

1 m? m?
V(h)= m’h? + ds—h® + dy—Lh* + - -
(h) 2mh + e + W +

o Here the SU(2) x U(1) symmetry is non-linearly realised ¥(x) = e/ ¢"(x)/v
with the Goldstone bosons ¢? (a=1,2,3) and the Pauli matrices o
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Non-linear EFT realisation

@ 5 vertices are of imminent importance, viz., kg, kog, C, C2, d3 in the top-Higgs

sector
@ kg and ¢ — can be constrained from gluon-fusion, VBF, tth production
@ kg, ¢ and d3 — can be constrained at LO from double-Higgs processes

@ To over-constrain the parameter space of L°VX it is necessary to access as

many di-Higgs processes as possible, viz., pp — hh, hhj, hhjj, tthh

@ tthh is the only process with appreciable cross-section that has the ability to
constrain ¢, at tree-level

@ Here however, we will discuss in terms of the following simplified Lagrangian

. _ 1
L5mP — [,SM + (1 — NA))\SM’F + thhh(tLtRh2 + h.C.) — gﬂggthiVGﬁyh27

2
where Agy = Av = %and Kx = ABsM/AsMm
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Bases translations

[Giudice, Grojean, Pomarol, Rattazzi; 2007, Feruglio; 1993]

H Coupling ‘ Non-linear EFT ‘ Simplified Lagrangian ‘ SILH H
hhh ds K\ 1+(66—C7-/4—3CH/2)§
- 2
tEhh o YR —(cn + 3¢, + ¢ /4)E/2
1272y y2
gghh kog =g e 3¢, (gg )

Table: Relationship between the hhh, tthh and gghh vertices in three different bases,
where ¢ = (v/f)2.

o %gu [@f 3]0, [oT®] + ;’:T [0 B ) [0 T @] — 22 [ofe]?

202 o2
Cr @R DT - D Ca 0 2O Ld S e o7 BLLe h.c
= |2V - Qrur + L2 Yd 2rdr + Y rer +h.c.
ig Cu

= . ig’ €p —
LW [Ty, Dre]| DWWk ot Dre)o” B
- mz, [ 2k ] o 2m?2, [ 14

s
2ig Caw 3 ig' €,
+ 2 [ prgiy, Dre)Wh, + 1R [DraT D e B,.,
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Constraining k) and K, from tthh at 100 TeV

@ Feynman diagrams showing the impact of the three effective vertices, viz.,
hhh, tthh and gghh

b
9 OO0 ———— 9 TOTO000000———— -"’mmmg/
\\\\h
h
h -7
- _ -
- -7 t
Fo- . L 34 I
N <
N <
~ &
9 TOTOTO0000————— 9 THOTO0TO0000————— 9 OTOTO000000————
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Constraining ) and ks, from tthh at FCC-hh

@ o/osm with respect to K, Kithh, Kgghh

@ First row shows o/osy at 100 TeV and at 14 TeV [Frederix et. al.; 2014]

a a

OTsm Tsm

T Ka Kx

i Kt [GEV ] ~ Kggnn [GeV™?]
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Constraining ) and ks, from tthh at FCC-hh

@ Unlike many di-Higgs processes, in tthh cross-section increases with A > Agy

o For k), growth of cross-section for A < 0 has different features at 14 TeV
and 100 TeV machines

@ In linear EFT scenarios, the coupling modifying ggh and gghh are correlated

— In non-linear EFT they are uncorrelated

@ We vary k) and Kz, to obtain bounds on these couplings
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Constraining ) and ks, from tthh at FCC-hh

[SB,

F. Krauss, M. Spannowsky; 2019]

For ky =1, ggghOhTeV glhhTev ~ 75
14 TeV study yields ~ 13 signal events and k) < 2.5 at 95% CL [Englert et.

al.; 2014]

For the 100 TeV analysis, we consider final state with 6 b-tagged jets, 1
isolated lepton, at least 2 light jets and £+

Several backgrounds at play, viz., QCD processes: ttbbbb, tthbb, ttZbb and
EW processes tthZ, ttZ7Z

Fake backgrounds: ttbb+ jets, tth+ jets, ttZ+ jets, W=bbbb+ jet,

W= cEcc+ jets, WEbb+ jets, tfcccc, misidentifying ¢ or light jets as
b-tagged jets

We assume b-tagging efficiency of 80%, 10% (1%) mistagging efficiency for
c-jets (light jets)
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tthh Scale choices

Process category ,u% [ M%
ttHH, tiZZ, tiHZ % HZ +2m? + {2m2,, 2m%, m?, + m% } % HZ + 2m?
THbE ti7hE 1.2 2 1,2 2
ttHbb, ttZbb 7 H-,i *;’H,Z 4;2mt ? H;— + 2mE
tF + b's, c's or light jets i HZT + 2n21t 1 HlT +22mt
W + b's, ¢'s or light jets i HT +mpy, 3 HT

Table: Renormalisation and factorisation scales used for the various processes
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Constraining k) and ks, from tthh at FCC-hh

o For the ttZ/h+ jets, we consider a merged sample, where additional jets

ensue from QCD radiation including the g — bb splitting

@ We ensure that the additional jets do not contain > 1 B-mesons by requiring

that the B-hadron closest to the jet axis satisfies xg = % X \g\.\%'l > 0.7
J J

o Reflects b-quark fragmentation — Allows to suppress " doubly-tagged” b-jets

@ We first reconstruct the two Higgs bosons by minimising the following 2

’ (M, 5, — Mp)*  (Mp, b, — Mp)?

XHH =
Aj AR

i #j # k # | run over all the 6 b-tagged jets, my = 120 GeV taking into

account invisible decays of B-mesons and A, = 20 GeV

@ We then require require |mp, p, — mp| < Ap and |myp, p, — my| < Ay
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Constraining k) and ks, from tthh at FCC-hh

@ Then we take the 2 remaining b-jets and minimise the following x?

(mbivjkvjl - mt)2

2
X, = A? )

-

k # I and Ay = 40 GeV We then require |my, j, j, — m:| < A,

my, distribution m{" distribution
0.18 T T T T T 0.25 T T T T T T
0.16 My . Mthad
. = vis
S 0.14 . & 2 Mgy = 1
= o S
<
S = 015 1
£ 0 (;5 g
= "‘i 01 1
: 0.06 )
©
= oo < ]
o -
0 =l L = = L TR
60 80 100 120 140 160 180 0 100 200 300 400 500 600 700
my, |GeV| my, |GeV|

vis

o Finally we require my> < m;
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Constraining ) and ks, from tthh at FCC-hh

[SB,

F. Krauss, M. Spannowsky; 2019]

At the design luminosity of 30 ab™!, we expect ~ 260 signal events for
kx =1 and ~ 1900 background events, with S/B ~ 0.14 and statistical
significance of 5/\/§ ~ 5.9

Upon taking #:zpn = 0, one obtains (using the CLs method) at 68% CL with
5% (10%) systematic uncertainty

—3.20 < k) <2.60 (—3.43 < k) <292) 3/ab
—2.89 < k) < 2.15 (—3.27 < k) < 2.70) 30/ab

Upon taking k) = 1, one obtains (using the CLs method) at 68% CL with
5% (10%) systematic uncertainty

—0.59 TeV ™! < kyzpp < 0.95 TeV™! (—=0.71 TeV ™! < Ky < 1.07 TeV™1)  3/ab
—0.43 TeV ™! < kygpp < 0.78 TeV ™! (—0.63 TeV ™! < k74, < 0.99 TeV™)  30/ab

Ultimate goal is to perform a global fit using the pp — hh, pp — hhj,
pp — hhjj and pp — tthh with all these couplings to find correlated bounds
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Resonant di-Higgs at HL-LHC and FCC-hh

@ Bounds on o(pp — H — hh) at HL-LHC (left) from various channels and at FCC-hh
(right) from bbbb
[A. Adhikary, SB, R. K. Barman and B. Bhattacherjee; 2018, D. Barducci, K. Mimasu, J.
M. No, C. Vernieri and J. Zurita; 2019]

95% C.L Upper Limit (5% Systematic)
T T T T T T T 3
. - bbyy bt
- bbbb - bBWW

my, (GeV)

200 300 400 500 600 700 800 900 1000
m, [GeV]

100

my, (GeV)

@ Right plot: isocontours of sensitivity on k2 x BR (k2 x BR. is defined by
o (pp — Hy — HoHy — bi_)bl_)) =6n, X %2 x BR and G, is production of SM-like Higgs

with mass my, )

@ FCC-hh can set stringent limit on k X BR — factor ~ 40 improvement with respect to
HL-LHC
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