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Composite Higgs: global symmetries
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Composite Higgs: global symmetries

SU@4) SU(B) SU4) x SU((4) SU(6) SU(6) SU((3) x SU(3)

Sp(4)  SO(5) SU(4) Sp(6) SO(6) SU(3)

As of Sp(4) — (1,1) + (2,2) A, of Sp(6) - 8+3+3

S, of SO(5) — (1,1) + (2,2) + (3, 3) Sy of SO(6) — 8+6+6
Ad of SU@)p — (1,1) +2.(2,2) + (3,1) + (1,3) Ad of SU(3) — 8

U(1) breaking gives an ALP



Coset HC Y X —qy/qy Baryon|Name|Lattice
SO(7) 5/6 M1
5x F 6 x Sp xx
SU(5) " SU(6) [SO(9) 5/12 M2
SO(5)  SO(6) |SO(7) 5/6 M3
Hh X Sp 6 x F vy
S0(9) 5/3 M4
SU(5)  SU(6) |, T Y
S0(5) X Sp(6) Sp(4) 5 x Ay 6 x F 5/3 wxx | M5 Vv
SU(5) y SU(3)% [SU(4) 5 x Ay (F,F) 5/3 (/ M6 |/
_ ('S
SO(5) ~ SU(3) |SO(10) 5 x F 3% (Sp,8p) 5/12 XN | wm7
SU(4) 5 SU(6) |Sp(4) 4xF 6 x As 1/3 b M8 Vv
Sp(4)  SO(6) |SO(11) 4 x Sp 6xF 8/3 X g
SU(4)2  SU(6) [SO(10) 4 x (Sp,Sp) 6 x F 8/3 . M10
X _ by
SU(4) = SO(6) |SU(4) 4x (F,F) 6x Ay 2/3 UX | v v
SU(4)2  SU(3)? — _ |
4 x (F,F As A 4/ b M12

G Cacciapaglia, G Ferretti et. al

. [1902.06890]




Spin-1/2 resonances



Partial compositeness: top-partners

q A

2
~ Cg—vq)\?’ Auv > Apc ~4nf
A
Uv

A A

Vector — like quark : ¥ = \° Requirements:

e Nearly conformal dynamics

M s [(Auc\>” A A above confinement scale
1 E{ ~ Cyvy m HcqV ~ kAacqV¥
e Large anomalous dimension
to reproduce top mass
EWSB
\/
> > > > X KLkRrV ~ 173 GeV

* Physical states are mixture of elementary and composite degrees of freedom

e Top quark is more composite compared to lighter quarks



Examples

VLQ Review by SHIFT (in preparation)

Spin  Symbol Quantum numbers Components Composite Higgs models
SO(5) SU(4) SU(B) SU(4)?
[SU3)e x SUQR)Lluqy 5'(')%4% Sp((él)) so%a% SU((cl))
n (1,1)0 n = v v v
d)i
i (1,2)1/2 e - - - v
0
AY AT
A (1,3)0 ( A= A - - v v
E+ E++
pM 1.3 = - v =
(1,3): ( >0 - )
T3 (3,1)2/3 Ty/3 v v v v
B_y3 (3,1)_1/3 B-iJ3 v v v v
‘Pgl/(, (3:‘ 2)1/6 (TQ/Sa B—1/3) '// ‘/ ‘/ '/
/2 g, (3.2)7/6 (X573, T/3) v 4 v v
W i (3,3)_1/3 (Ty/3,B_1/3,U_4s3) vV - v -
UL (3,3)2/3 (X5/3,T5/3, B_1/3) v v v v
U3, (3,3)s/3 (Ys/3, X5/3, T23) v ~ v -

For fermions in higher SU(3) irreps: G Cacciapaglia, T Flacke, M Kunkel, W Porod [2112.00019]
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Modelling resonances

' $ A

Model dependent Simplified model: Model independent

chiral EFT: use SU(3)xU(1) invariant EFT: Full SM

global symmetries Lagrangian invariant Lagrangian
LoNeB = f—2tr [(D,2)"(D"%)] Lelem. = qriDqr, + triDtg + briDbg Lp.c.=rLfirSVr + krfYLSER

2
“C — 'CpNGB + Lanom. + L:elem. + 'C\II2 + 'CP.C. — Vpot.

i dim(2))

i / (dAAdUUT + AdAJUUT + ) Voot. = Bmtr[€*U + h.c.] + Bytr [g2TgUTE*UT} + ...
m

Lwzw =

Ly2 = tr [WiDV] — Mtr [U¥] + Atr [FOXT]

Ingredients : pNGBmatrix(X), VLQirrep(¥), Quark embeddings(§r,tr, lA)R)




Modelling resonances

' $ A

Model dependent Simplified model: Model independent
chiral EFT: use SU(3)xU(1) invariant EFT: Full SM
global symmetries Lagrangian invariant Lagrangian

Lg2ys2 = Q(iD —mq) Q + (|DuSI° — m3|S?)
Lo = [/ﬂ)?{LTg/3W+PLb + /%)Vg,LX5/3W+PLt + ] + [li%’LTb/gZPLt + ] + h [H:%LTQ/ngLt + ]

Lnp =Lo2ys2 + Lo+ Ls

Lg = S0 [/\f:(zt_PLt 4 )\E’OLZ_)PLZ) + Ii/JSﬂ?LTQ/g_PLt S Hagw(;ﬂ,LTz/g,PLTz/g, F } + gt [H§T2X5/3PLI) S }

+ - + o + = + 5
+S+ |:>\§ tPLb —|— Iig(’LX5/3PLt —|— K,%’LTQ/?)PLI) —|— K’?{T’LX5/3PLT2/3 —|— :|

All coupling strengths are free parameters




Modelling resonances

' $ A

Model dependent Simplified model: Model independent
chiral EFT: use SU(3)xU(1) invariant EFT: Full SM
global symmetries Lagrangian invariant Lagrangian

L34 = U(GD — me)V + |D,S)2 — V(S,H) + ANV f + ynUFH + ysUfS + jsUUS + h.c.

L=Lsy+LYp+Lyp+ ...

Coupling order fixed

Full SM mutiplets considered U + SM fields V¥ + S + SM fields
Vo U X, UfHS
‘ T £ X, T fS2
Bridge between concrete models U fH? VAV

and simplified models U H?
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Spectra of Top-partners
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Spectra of Top-partners

1\ T ,\/ \)\ )\> <,\ 1 * n-2 degenerate VLQs with
YL \ / ij i v \ (u§ \ mass M
uy Y3« 3V ’fo]:L(7> UgR
—{ﬁl— @ * 2 heavy:
T T
. f AM  K*f? k%02
: | : — ~ or,
W f Fr (%) M1, . M T ME UM
) * ) \rz )
...... * Mixing of lighter generation
of quarks with the VLQs
A A are negligibly small
KLERfv



Spectra of Top-partners

/ \ > < Universal

2165 l2/3 1-13

_q T A N \ N i~  |Universal @ 2 202
Q_LQL \ / ij i v (u§ -pattern -y J i~ vilf 1
uf, Y3x3V KJLf}—L(f) up . .
3 3 SM-like multiplets
%— ;ﬁf are heavier
L R 2 2
yif
W Fr(%) M1,
Tn 1 A ) \Tn ) % M2 D ;; _ :-¢ ____ Y i,RU2 - -
- S 27/65 32/3, 35/3, 3
> ______ < 7/65 92/3, 95/3; 9—1/3
A A . Exotic
Multiple .
multiplets are
KLKR f?J degenerate states the lightest

mi o ~ Yu m3~T+yv>>yv

2
* One-loop mass splitting and off-diagonal My [

self-energy 4 /3

—1l/3 2/3 5)3 8/3

Electric charge




* Degenerate states are the lightest with off-diagonal terms in self energy

* One loop mass-splitting can be comparable to the decay widths

Interesting quantum interference problem
between channels for a pair production process

o(pp — TT — AB) "2 Nyo(pp — TT)BRL(TT — AB)
Non-trivial correlations between the two final states

BRo(TT — AB) # BR(T — A)BR(T — B)

Any applications in SM physics?




* Degenerate states are the lightest with off-diagonal terms in self energy

* One loop mass-splitting can be comparable to the decay widths

i(05, + ia5)

i(viy +iafyys)

iy (0% + a%vs) (05 + a5 s)

0 0.0017 0.0017 0.17 0.10 0.13 0.32 0.14 0.14
[ BRy(TT — AB) 020
iz 7MLy Interesting quantum interference problem
" between channels for a pair production process
1.x107% 4.x1076
’ ’ ’ 0:12
txg 0  0.00035 0.00030. _ _ NWA __ _ _
0.08 O‘(pp —TT — AB) = NTU(pp — TT)BRQ(TT — AB)
th 0 0.00009 0.00025 0.018 0.015
X3t o0 000033 0.00015. 0.0092  0.030 004 Non-trivial correlations between the two final states
t77 0 0.00042 0.00049 0.0013 = 0.030 0.011 0 BRQ (T7—_ N AB) ?é BR(T . A)BR(7—, N B)
bX;_ 0 0.00037 0.00012  0.030 0.0074 0.028 0.031
bX;_ 0 0.00012 0.00035 0.024 0.021 0.012 0.010  0.028 'A'ny a'pp]'lca'tlons ln SM phySICS?

W tZ o th BS Y

bxs bxs



Vector-like quark searches at LHC

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
Status: March 2023

ATLAS Preliminary

J£ dt = (3.6-139) fb~? Vs =13TeV

Model O,y Jetst ET™ [Ldt[fb™] Limit Reference
VLQ TT - Zt + X 2e2u/>3eqp 210,21] - 139 SU(2) doublet 2210.15413
VLQ BB — Wt/Zb+ X multi-channel 36.1 B mass SU(2) doublet 1808.02343
VLQ Ts/3Ts31Ts3 > We+ X 2(SS)/>3eu>1b >1] Yes  36.1 Ts,3 mass B(Ts;3 > W)= 1, c(Ts3Wt)=1 1807.11883
VLQ T — Ht/Zt 1epu >1b, >3] Yes 139 SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
VLQY - Wb lepu >1b,>21] Yes 36.1 B(Y - Wh)=1, cg(Wh)=1 1812.07343
VLQ B — Hb Oen 22b,>1j,>1J - 139 SU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018
VLL 7 — Zt/Ht multi-channel =1 Yes 139 SU(2) doublet 2303.05441

b Zt(Z = wvv)

b ZE(Z — vu)

b ZE(Z = vv)

b Zt(Z — vv)

b tH (H — yy)

b tH (H = yy)

b tH (H — yy)

b tH (H = yy)

b tH (H — yy)

t HE (H— bb)

t HE (H— bb)

t HE (H— bb)

T HE (H— bb)
tWE — lep. + jets
b Wt — lep. + jets
b Wt — lep. + jets
b WE — lep. + jets
b Hb (H— bb)

b Hb (H—+ bb)

VVVVVVYVVVVYYYYYYYYY

(F/m=0.3, Singlet}
(r/m=0.2, Singlet)
(M/m=0._1, Singlet)
(r/m=0.05, Singlet)
(r/m=0.05, Singlet)
(F/m=0.04, Singlet}
{r/m=0.03, Singlet)
(r/m=0.02, Singlet)
(r/m=0.01, Singlet)
(r/m=0.3, Doublet)
(rym= Singlet)
(Ffm=0.1, Singlet)
(r¥m=0.05. Singlet)
(Ffm=0.1, LH}
(F/m=0.3, LH}
(r/m=0.2, LH)
(r/m=0.1, LH}

(r/m=0.3, Doublet}
(rfm=02, Doublet)
(r/m=0.3, LH)
(r/m=0.2, LH)
(r/m=0.1, LH)

[ Y_a3¥_a3 — bW bW — fvqdgd

» BB - bgg bgg (B(tZ) = 1)

» BB = bgg bgg (B(tH) = 1)
» BB - bgg bgg (Singlet)

» BB - lep. + jets (Doublet)
» BB — lep. + jets (singlet)

= TWE — lep. + jets

> tWt— lep. + jets

= tWt = lep. + jets

<IEE - 4b TEr/TV/VL

» TT — lep. + jets (Singlet and Doublet)
» BB = lep. + jets (B(tH) = 1)

» BB - lep. + jets (B(tZ) = 1)

» BB — lep. + jets (Doublet)

» BB - lep. + jets (Singlet)

Overview of CMS B2G Results
CMS Preliminary

August 2023
36 — 138fb~1 (13 TeV)

p 138fb1
<] 96.5fb"!
> 361

FIFZIFIFIFIIFFFRFRY

M.,
M.,
M.,
e
Mg
Mg
Mg
Mg
Ms
Mg
e
Mg
Mg
Ms
Mg

1.7
1.6

1.6
1.4

1.5
1.5

1.6
1.5
1.5

0.0 0.2 0.5 0.8

 Limits on VLQ mass ~ 1.5 TeV
» (Caveats: simplified model (often with single VLQ), purely SM decays of VLQs

15 18 20
Lower mass limit at 95% CL [TeV]



Single production of VLQs

VLQ R;ev1ew by SHIFT (in preparation)
* Palr producnon Ilmns 2209 07327 (CMS) .-_T

e Limits from single production:

Cross-section proportional to 020
coupling to SM particles | '
Maximum sensitivity for large o 0-10
: E
width =

e Pair prOdU.CtiOIl: hmlted by 005“: _Tsmglet
energy at high mass, Single S SO A .

| —— T > 2t (ML), 2307.07584 (ATLAS)

f T - Ht, Zt (1L), 2305.03401 (ATLAS)
0.02 Geeeeifl e | —— T 5 HE(OL), 2201.07045 (ATLAS)
——— T > Zt, Z - vv (0L), 2201.02227 (CMS)
s T3 Hit, H 5 w(ULHL) 2302.12802 {CMS)

production: sensitive at large
width

1000 1500 2000 2500

mgq (G eV)




VLQ production

Pair production:
— driven by QCD,

o depends on VLQ mass
(NWA)

o(pp — W) [pb]

1077

1079

107"E

a@NNLO + NNLL with Top++
PDF : NNPDF40 nulo_as 01180




VLQ production

e Pair production:
— driven by QCD,

G@GNNLO + NNLL with Top++

- 0 depends on VLQ mass Lt PDF : NNPDF40_nnlo_as 01180
(NWA) _
e Single production: Ig 1073}
S
— o proportional to couplings of 1
VLQs with SM particles B 10-6L
u)

— where is the crossing?

1077}

vy




Pair production — still important?

N LOIGSUPCS |3 Pair production ]
O Single production |
T2/3+23M
. E ] N ] ol ----- Xs53+2SM |5
- Narrow Wldth """ ]

- VLQ couplings with SM
particles are forbidden/
suppressed

e Single production is suppressed if:

e Example: Composite Higgs
motivated VLQ triplet with Y=5/3

. Q3,5 = (Ys/3, X5/3,To/3)

mq (GeV)
AB, V Ellajosyula, L Panizzi, [2311.17877]



Pair production — still important?

,,,,,,,, : LO results [m pair production |1
O Single production |
R T2/3 +2 SM
""" X5/3 + 2 SM

— Narrow width - e

- VLQ couplings with SM
particles are forbidden/
suppressed

e Single production is suppressed if:

e Example: Composite Higgs
motivated VLQ triplet with Y=5/3

. Q3,5 = (Ys/3, X5/3,To/3)

800 1000 1200 1400 1600 1800 2000
mq (GeV)
AB, V Ellajosyula, L Panizzi, [2311.17877]

Pair production is necessary:
exploit the multiplet structure to
gain in signal o



Decays to exotics

VLQ SM Decays  BSM Decays
U_4/3 bW — bS—,tS™~
B_y3 tW~,bh,bZ tS—, bSO
Toys  th, tZ, bW tS0, bST

Xs5/3 tWT tST, bSTT
Ys/3 tWTWw+ tSTT
Scalar Final state Condtions
SO tt mg > 2my
SO bb mg < 2my
SO vy, Zy, WIW =, ZZ Fermiophobic
S+ th mg > my + mp
S+ Wt~y W2 Fermiophobic
S++ tbW =+ mg > my + myp + My

SEE WEW=+ Fermiophobic




Decays to exotics

VLQ SM Decays  BSM Decays
U_4/3 bW = bS—,tS™~
B_y/5 tW~,bh,bZ tS—, bSO
Toys  th, tZ, bW tS% bST
Xs5/3 tw tST, bSTT
Ys/3 tWrw+ tSt+
Scalar Final state Condtions
SO tt mg > 2my
SO bb mg < 2mgy
SO vy, Zy, WIW =, ZZ Fermiophobic
S+ th mg > my + my
S+ Wt~y W2 Fermiophobic
S++ thW=+ mg > my + myp + My
SEE WEW=+ Fermiophobic

1800~

1600+

1400~

Mg (GGV)

10001
800+

200+

[2203.07270] (Snowmass 2021)

200 400 600 800 1000 1200

1400

1600 1800

2000

uh%!pis&lsu&m R R e e e e
BotW-, 2200.07327 (CMS)

1200~

VLQ pair production with exotic decay |

— T518% %52y, 190

S tt, 1907
—_— T—»ts" & bb, 2002.12220
— T187,8%5jj, 2002.12220

— TS

— Xeo1S".5' 57 v, 1907.05894
— Xejs-1S", S €' ve, 2107.07426

1907.05894
— X, 3—>DS ST S' S tb, 1907 05894
— XogDS* S 5 W' S5 1y, 1907.05894
— Xg5—*bS* + St aetet, 2107.07426

— XsjsbSTT ST S W ST S5 W

g

" 5'5, § -1y, 1301.6065 (LEP)

ST ST, ST Wt W, 2101.11961 (ATLAS)

faty, 1907.05894

TTaTTg. M=

1000 1200 1400 1600 1800

my (GeV)

800

600

2000



pp — Toy3Toss — (85°) + X — (tyy) + X

Di-photon signal for a specific model: EW Coset : SU(5)/SO(5)

EW pNGBs: 14 — (3,3) + (2,2) + (1,1) = 341 + 30 + 2112 + 1o

VLQs (top-partners): ¥ = 10z —(2,2)z +(3,1)2 +(1,3)z — 2

o(pp — (t/tyy) + X) ~ 24 tb, M =1.35 TeV

More inclusive cross-sections involving
diphoton (resonant / non-resonant) can
go upto around 10 fb

[Ongoing ATLAS search]

14+274+32+1_1+12+15
6 6 3 3 3 3
1071 /1 ' —tt
fgg E —4gg
& 1072 | —¥Y
Q i 74
10 3 :,.:j —ZZ
= wrw-
o

160 ééo 360 460 560 660 760 860
my [GeV]
AB, D B Franzosi, G Ferretti, JHEP 03 (2022) 200



More Exotics: Model with triplets

Q = (Ys/3, Xs5/3.T2/3) © 353 S= (5t 5%,8%: 3
Coset (G/H) VLQ (irrep under H) pNGB (irrep under H)
SO(5 |
SOE4% x U(1)x 92/5 = (3,3)2/3 — 3_1/3 + 3273 + 353 4—1(2,2) = 241/
SU(5) 1495 — (1,1)2,3 +(2,2)2/3 + (3,3)2/3 14 — (1,1) + (2,2) + (3,3)
SO(5) X [I(l}x

— loy3 +21/6 + 276 +3_1/3 +32/3 + 35,3 — 1o + 24172 + 30 + 341




More Exotics: Model with triplets

Q = (Ys/3,X5/3,T/3) © 35/3 S = (5++,5+750) 31

VLQs are nearly degenerate as mixing with SM quarks are sub-leading
One-loop mass splitting for VLQs ~ 50 GeV (considering QCD and QED contributions)
Scalar triplet does not receive vev in accordance with EWPT

Partial compositeness: couplings with 3" gen quarks only

Mimics SO(5)/SO(4) model when mg < mg and SU(5)/SO(5) if mg > mg



Model independent EFT

LS =D, SI2—m2|S)>+Q(iD —mo) Q + ArQrStr + h.c.

~ ~

_ 7 7 A1 Ao
,CdNT35 = %CYLSTHtR—l— yb_ . SH b + HTZT QLH tpr + —

.l.
A A A SQRH + h.c.



Model independent EFT

t
T5/3, X5/3,Ys)3 :/N O(1)

‘ \\\SO, S-i-’ S++
LS =D, SI2—m2|S)>+Q(iD —mo) Q + ArQrStr + h.c.

~ ~

Y J Y As
£d=5 — %QLSTHtR + ?ﬁ— SHbg + L HIir?QuH tr + 25" QrH" + he.
| | |
b
T2/3 R t T2/3:=/N O(”U/A)
~ O(v2/A?) Xo/3 \\\s+
S+~I—

SM decays are
subleading due to
suppressed mixing



Model independent EFT

t
T5/3, X5/3,Ys)3 :/N O(1)

‘ \\\SO, S-i-’ S++
LS =D, SI2—m2|S)>+Q(iD —mo) Q + ArQrStr + h.c.

~ ~

_ Ut _ Up _ A1 A9
£d=5 — %qLSTHtRJr%{’ L SHp + AHTZT QuH"tr+ 05" QrH" +he

| | | |

t,b t b
SO St ~o@/n) st s /7 L ow/n)
-7 _ ~ O(v?/A?) Xs/3 \\\S’L
AN i
SM decays are
St ﬁ ¢ subleading due to
S < suppressed mixing
b



VLQ decays and branching ratios

L e Y=Y L S
. | | | | | | L | ST AWt
ﬁ —trZ , g
0.5 - a — h+t 0.5+ Al h+ W+t
I —h+t+Z I || — Xs3-» others
@‘0_25: —t+2Z >(<£-0.25”
e — Ty3- others o
01 — 01
400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600
mg (GeV) mg (GeV)
mg=1700 GeV
b st et )
; =8t awr st mqg > mg + m: : BSM decays dominate
I l—Db+S™+ W
0.5/ ol )
f 1 S mg < mg + m; : SM decays dominate
I = 2 W+t
5 0.25" : ’
g L
&
m
0.1+
0.05!
400 600 800 1000 1200 1400 1600

ms (GeV)



VLQ decays and branching ratios

—_ [ | e
05 —h+t 05 Al — e W* st
, 1= h+t+Z _ I " ||— Xs/3—» others
15025 | —ts22 5025
o ’ _ | — Ty3 others .
0.1 — 01
005 —— = | 005, —— N\ |
400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600
mg (GeV) mg (GeV)
mg=1700 GeV
1k . — 8™+t ]
; st st mqg > mg + m: : BSM decays dominate
. l—Db+S™+ W
0.5 .
— |setez mqg < mg + m: : SM decays dominate
5 0.25) =2t
> _
5 BR(SY — tt) ~ BR(S° — bb) ~ 50%
o BR(S™ — tb) ~ 100%
| | | BR(S™T — tbW™) ~ 100%
400 600 800 1000 1200 1400 1600

ms (GeV)



Limits @ LHC Run 2

Limits obtained with searches
implemented in MadAnalysisb

Most sensitive searches are
4top + SSL and multilepton
search by CMS

Dedicated VLQ searches may
improve the limits

Searches Kinematics SR N; Nossr Ny  N;
1908.06463 H > 300 GeV SR7 2 same-sign - 3 > 8
CMS T

L Pr> 50 GeV .
4t 4+ SS SR8 2 same-sign - >4 >5
1911.04968 Mossr > 106 GeV
CMS L+ Fr € 3L above-Z 3 1 - -

multi-lepton

[875,1000] GeV




Limits @ LHC Run 2

Limits obtained with searches
implemented in MadAnalysisb

Most sensitive searches are
4top + SSL and multilepton
search by CMS

Dedicated VLQ searches may

Searches Kinematics SR N; Nossr Ny  N;
1908.06463 H > 300 GeV SR7 2 same-sign - 3 > 8
CMS T

L Pr> 50 GeV .
4t 4+ SS SR8 2 same-sign - >4 >5
1911.04968 Mossr > 106 GeV
CMS L+ Fr € 3L above-Z 3 1 - -

multi-lepton [875,1000] GeV

improve the limits

T T T T T T T T T T T T T

1800 { 95%CL exclusion limits &
MAD5 recast A ¢ ]
1 | 6L(S\E/C
600? (Yas Xs3 Tos) and (ST S* S°) (“O/’(E\/ ]
_ Combined b

SM decays dominate - Only Yas
1400__ --------- Only Xs3 - ]
OnIy T2/3 K P /// ]
S N |
= X i 3 ]
£ 1000 T\ _
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Final state characterization

* We select two benchmark points allowed by current limits:

mq = 1700 GeV > mg = 600 GeV (SRL) mgq = 1700 GeV,mg = 1600 GeV (SRS)



Final state characterization

* We select two benchmark points allowed by current limits:

mg = 1700 GeV > mg = 600 GeV (SRL) mgq = 1700 GeV, mg = 1600 GeV (SRS)

e For SRL: (BSM decays dominate)
No. of b-jets, W+

VLQ pair from VLQ decay Contributing decays Product of BRs
Nb Nw+ Nw—
B Yg/g — 1+ ST
Yg/3+Ysis 6 3 3 —t+ Wt 48t > 92%
— b+ Wt 45T+
6 2 2 X5jg — t+ 87T > 50%
X X +
5/3 + A5/3 6 3 3 X5/3—>t—|—S_ o > 18% .
—t+W-+5 e Same sign leptons
42 2 Koz 1S > 12% o
—t+ W e Multiple jets
Thjs — L+ 5 . e Multiple b-jets
_ 6 <3 <3 — t+ (Z — bb) > 53%
Ty 5+ T t
287 72/3 — t+ (h — bb)
T2/3 —t+ SO
4 > 1 > 1 > 11%
= = —t+ 7

—t+h




Proposed signal region

SR (mQ,ms) GeV NSSL Nj Nb pT(lg) Mefr

ORI (1700,600) = 2 > 2100 GeV or > 2300 GeV

o > > _
SRS (1700,1600) =l 23 ST =T g

* C(Choice of SR:
— maximize signal from full multiplet
e Multiplicity cuts (NSSL, Nj, Nb)
- reject background efficiently

» Kinematic cuts (meff)



Proposed signal region

SR (mQ,ms) GeV NSSL Nj Nb pT(lg) Mefr
SRL (1700,600) > 2 —
_Onh ’ > >
SRS (1700,1600) =1 =3 ST s10Gev = 2100 GeVoor = 2300 Gev
Choice of SR: g T T T
] S 044 1 l
- maximize signal from full multiplet & | -- E‘i "
+ Multiplicity cuts (NSSL, Nj, Nb) & " F [ 7 —enc
Woogq 1o, S
- reject background efficiently e F
. . T 0.08- .
» Kinematic cuts (meff) E T K
Z 006 "L
Major backgrounds: ooal | i
— 4t, HHV+ < 2§, ti+ < 35, ttbb, VVV 0osk
Scope for further optimization: machine O~ o000 Soo-Sams 53065550 4550 460 a0

learning?

Background modelling near tail of distributions

Mgy (GeV)



Sensitivity @ Run 3

M > 2300 GeV.

3.5+ | | | R — — - 0Only Ygz
Full triplet | Only X5
3.0 | s Only Ty
Yez+Xsa+T23
2.5 | —— BPL (SRL)
* — BPS (SRS)
¢ 2.0~ }_/ _______________ | x SR8 CMS-top
G _ 18/3_ Zoo=1645 T -
---------------------- Srmzsmssssssssssssscsoosse--------- | 3 3l-above-Z CMS-exo
1.5 T - - - B
1.0 Y/ H et S
T kTR For expressions of Z:
05 12/3 R N Kumar, S P Martin, [1510.03456]
0.0 0 5 10 15 20 25 30
op (%)

» Exclusion with fairly large systematic uncertainties when full multiplet is considered

» Proposed SRs perform better than 300/fb projections of most sensitive SRs from recast



HL-LHC Prospects

Mett > 2300 GeV

12y o o ~ — - Only gy
= : : [ Only X5,3
i : 3 L | Only T
100 2N\ NG R Y
- 3 3 i Ya3+Xs3+T23
I 1 : | —— BPL (SRL)
8l NG N SRR T — BPS (SRS)
- — ? ? % SR8 CMS-top
|- \ -
Bl \\ 77777777777 NN * 3L-above-Z CMS-exo | |
L~ : ~ 1 ‘ ‘
~ ~ :
————————— g e e e e e e g e e e o T = = e e e - e e
DN i i
N : :
4j """""""""""""" N~ TS ~ o~
I ~~~~;::::\\\ - -~ . -
2*’;;;;;;:::::333.’::::_-'_-'_-'-'.';_'_'_'_'_'_'?""'"‘*#.A’_;'__'_;_'_;' """" \f\~\ """"""""
I T Rt SEREHEE
0 | i | i | i | i | | | i
0 5 10 15 20 25

e Pushing for discovery: if entire
multiplet contributes to the SR
(<20% systematics)

e Introducing mass-split ~ 50 GeV
for VLQs does not alter the
conclusions significantly



Feynrules implementation

Fields Spin SU3). U(1)em
SY 0 1 0
S+ 0 1 +1

SEE 0 1 +92

U_43 1/2 3 —4/3
B 1/2 3 ~1/3
T 1/2 3 2/3

X535  1/2 3 5/3

Yos3  1/2 3 8/3

Features:

1. Generic particle content

2. Modular structure: switch off unwanted parts
3. Suitable for NLO (QCD) simulation

4. Non-SM decays of VLQs included

5. Available on Feynrules webpage (NLO section)

L=Lsy+ Loov +Loqv +Lgos + Lgqrs + Lggs + Lssv + Lssvv + Lsvv

Vector like quarks + exotic pNGBs: I

AB, D B Franzosi, G Cacciapaglia et. al. [2203.07270] (Snowmass 2021)

All simulation banners are available on arxiv: 2311.17877


https://feynrules.irmp.ucl.ac.be/wiki/NLOModels

Summary

* Planning time for Run 3 and beyond: what are the priorities?
 VLQ pair production limited by energy, single production by statistics:

pair production is still important, for suppressed couplings with SM particles



Summary

Planning time for Run 3 and beyond: what are the priorities?
VLQ pair production limited by energy, single production by statistics:
pair production is still important, for suppressed couplings with SM particles

Future directions to explore:
- exotic decays of VLQ)s: often dominate BR, new channels
— categorize most probable final states: maximize signal over background
- exploit ongoing searches in similar final states: limits from non-dedicated search

— consider multiplet structure of VLQs: gain in signal at high mass

A case study: VLQ and complex scalar triplets, novel decay channels, sensitive at Run 3,
and HL-LHC



Summary

Planning time for Run 3 and beyond: what are the priorities?
VLQ pair production limited by energy, single production by statistics:
pair production is still important, for suppressed couplings with SM particles
Future directions to explore:
- exotic decays of VLQ)s: often dominate BR, new channels
— categorize most probable final states: maximize signal over background
- exploit ongoing searches in similar final states: limits from non-dedicated search

— consider multiplet structure of VLQs: gain in signal at high mass

A case study: VLQ and complex scalar triplets, novel decay channels, sensitive at Run 3,
and HL-LHC

Vector like quarks + exotic pNGBs: I

AB, D B Franzosi, G Cacciapaglia et. al. [2203.07270] (Snowmass 2021)
All simulation banners are available on arxiv: 2311.17877


https://feynrules.irmp.ucl.ac.be/wiki/NLOModels

BACKUP
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AB, S Dasgupta, T S Ray [2105.01093]



Simplified Lagrangian and couplings

Lo2rs2 =Q (i) —mg) Q+ (|D“5|2 — m?;[SF) :

e

V2sw

€

,CQ = {H%TL.TZ/SW—FPLE) + .r“i';EELX!a/gW—l_PLt A= L R:I = hic.

¥ (% To/3ZPrt+ L <> R] +hc. + h[k%  To/3Prt + L <> R] +h.c.

SWCW

[:g = Sn [AEGL'FPLt = A;(LBPL{F) = E?:?LTQjSPLt =+ H;;,LTQXSPLTQ,B + L & R:I + h.c.
7= S++ [ﬁ}ij:::j }73{;3th =+ ﬂf{TIXE/RPLb o H?fr—;n—fb?&;gpbjjgzg o L « R:I R hic.
3+ — + & + + 5
+ S+ [/\i tPLb + H'?;?LXﬁfi%PLt + ﬁa'g"_lL.TQ/BPLb ‘I‘ EiT,LX5f3PLT2f3

T % RO A R} the.



Simplified Lagrangian and couplings

—+ ~+ -0 -0 0 .0 + ++
A7 A% }"EL )‘; R ‘;\E??L )‘f? R ”‘*?{ L *"‘*3{ R
—0.123  0.123 0.174 0 0 0.174 —0.087 1
g+ + g++ ++ ++ S++ g0 g0
Ky p hFH H’;’,L h‘?h’ h;{L ;H Ky K R
0.123 0 0 1 0.123 0 —0.174 1
'hifl L H‘%‘,H *"‘35&2’1; K }rﬁ f"}i} L ‘“‘Bz R *”"3‘%,_{, H"%,H
0.015 0.246 0 0 0 0.031 0 —0.043
-+ ~+ ~—+ ~+ 4+ ++ ail ail
HiigL *"1*31 R *‘"*;x L “;} X.R ‘P‘:'?:;T,L K ;1 R "“‘FJ L h}}j R
0 0.022 0 0 0 —0.022 0 —0.022




Decay widths
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Cross-sections and efficiencies

SR Backgrounds o [fb] e(meg > 2100 GeV) e(meg > 2300 GeV)
SRL tHV 4+ < 2j 238 1.20 x 10~ 5.24 x 10°
SRS (with v/3 > 1200 GeV) o 9.43 x 1075 3.24 x 105
SRL 3.20 x 1074 1.70 x 1074
At 5.32 8 *
SRS 2.00 x 10~* 1.20 x 10~*
BP/SR Signal o [fh] e(meg > 2100 GeV) e(meg > 2300 GeV)
Y33 pair 3.07 0.092 0.079
BPL/SRL X5/3 pair 3.21 0.051 0.044
Ty3 pair 3.19 0.030 0.026
Ys,3 pair 3.15 0.088 0.077
BPS/SRS X5/3 pair 3.19 0.035 0.031

T /5 pair 3.16 0.025 0.022




Exclusion / Discovery prospects

« Signal and background are governed by independent Poisson statistics

* Discovery significance: Hgata = Hsip, Ho = Hp

Zae = V2|15 + B (G510 ;ﬁ) ) %2 n 1+ B(;%fa%))] )

» Exclusion significance: Hq,1n, = Hp, Hy = Hs1 B

B+S+z\ B2 [(B-S4+ux B\1"?
ZeXC—[Q{S—Bln< ¥; >—gln( ¥z )}-(B-FS—Q?)(].‘Fg)]

4S5 Bo?2
= B)2 — 5
* \/(S+ ) B+ o2

Discovery : Zgisc > 9

Exclusion : Zey. > 1.645
N Kumar, S P Martin, 1510.03456
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Sensitivity @ Run 3
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HL-LHC Prospects

Megt > 2100 GeV Megt > 2100 GeV

— —-0nly Ygs

Yea+ X3+ T213
—_BPL(SRL)
——BPS(SRS) .

* SR8 CMS~top | Discovery possible when
* 3lL-above-Z CMS-exo | | . .

entire multiplet
contributes to the SR
(<20% systematics)

50 (%) 6o (%) . Equus1op possible fqr
meszo0cey  memece entire triplet even with
S RO T T T T >30% systematics

 SRL, SRS perform better
than signal regions for
most sensitive recast

Zexc




Zdisc

Mgt > 2100 GeV

Introducing mass-splitting

Metr > 2100 GeV

— —-0Only Ygs
B kil Oniy X5/3
-e--oo- Only Tog

— Y3+ Xs3+ Tai3

. BPSplit (SRL)
* SR8 CMS-top

——BPL(SRL) |

65 (%)

Zexc

5 (%)

Introducing mass-split ~50
GeV for VLQs does not
alter the conclusions
significantly
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