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Massless many-flavour QCD

Beta-function of gauge coupling:
e For Ny <N;: f(g) <0 = QCD-like

e For Ny > N;: B(g") =0 Banks-Zaks FP
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Massless many-flavour QCD

Beta-function of gauge coupling:

Chiral phase diagram for degenerate quarks:

Existence of
T thermal transition

Absence of

thermal transition

N

conformal

Jan Philipp Klinger | Uni Frankfurt

(N% < Ny <165

N;?

B(g)

1 Bgh

For Ny < Nj: B(g) <0 = QCD-like
For Ny > N7 : (g*) = 0 = Banks-Zaks FP

QCD-like conformal

N ¥ Related studies:

Evidence for 2nd order for all Ny < N7 :
= Cuteri et al. (2021), Our Proceedings (2025, 2026)

Promising onset candidate: N} = 8
=» Hasenfratz (2022); D’Elia et al. (2026)
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Our Lattice Setup

QCD with Ny degenerate quarks with mass m:

* D
e unimproved staggered fermions g
e unimproved Wilson gauge action (W) =0
e bare parameters: 3 = 6/g%, am, N;, N,
conformal
e continuum limit: N, =1/aT — oo, f — o0 Ny < N; N} <Np<165 ° N,
Approach: Locating phase transitions:
e study chiral phase boundaries in {3, am, N,, Nt} e order parameter () : @W
e standardized moments:
Imprints of conformal phase at finite am and N, ? _ {(o={on™)
oy =

((0—(0))2)""*
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Lattice QCD phases

For fixed N¢,am, N,: [-scan
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Lattice QCD phases

For fixed N, am, N;:

B - scan
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Lattice QCD phases

For fixed N¢,am, N,: [-scan

4.7050

20 1
Bth BB 4.6950
15 -
4.6890
U]
C
3 10+ «Q
© 4.6880
5 4
4 4.6870
0- 4.6820
0.2 0.4 0.6 0.8 1.0 1.2 1.4
yy
Thermal Bulk
transition transition

Jan Philipp Klinger | Uni Frankfurt Onset of the conformal window 4/10



Lattice QCD phases

For fixed N¢,am, N,: [-scan

4.7050

20 1
Bth BB 4.6950
15 -
4.6890
U]
C
3 10+ «Q
© 4.6880
5 4
4 4.6870
0- 4.6820
0.2 0.4 0.6 0.8 1.0 1.2 1.4
yy
Thermal Bulk
transition transition

Jan Philipp Klinger | Uni Frankfurt Onset of the conformal window 4/10



Lattice QCD phases

For fixed N¢,am, N,: [-scan For fixed N;and N, :
47050 Thermal
201 6 Transition
Bth BB 4.6950 A \\
151 .
4.6890 r"’
s . S " DB
310 o
© 4.6880 S et
> i 4.6870 BB
/ lattice artefact
0- 4.6820 >
0.2 0.4 0.6 0.8 1.0 1.2 1.4 Bulk am
vy Transition
o \/ = Crossover
Thermal Bulk — 1st order

transition transition
® 2nd order
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QCD-like continuum limit

Increasing N.-:
e Bulk transitionis NV, -independent
e ((am) of thermal transition increases

e continuum limit: 3 — oo for N, — 00

Chiral limit am = 0:

o [clam =0) — oo forincreasing N_

>

e Coexistence of S'and By, in continuum am

- (Crossover
— 1st order

® 2nd order
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Chiral phase boundary for Ny = 7

4.90 >
N.=22 N.=18 N, =16
8 7 2 “ d " = T
4. 7 b4 =2 ad =
> > - Ne=14
4.801 5 ¥’,/’,g’ =" IN,=12
. > 7 g ) B = -~ /:/ - ) - 22
@ 4.75 1 $° . 8- _ - ——5 Nz =104
/:/i/’zg’/’,’:/ & - - th_
470 - -¥ T - -¥ .
T T -
L 2. % — —— 1st order
4.651 - ’: SUF e B —— 2nd order
- B ---- crossover
4.60 T T . , . .
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014
am

Dashed lines: Linear fits for fixed N
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Simulation details:

o Ny=7

e N,: {10, 12, 14, 16, 18, 22}
e Per N.: 3-5masses € [0.003,0.02]
e N,/N, € {1, 2}

Chiral limit am = 0:

Be(am = 0) — oo for increasing N,

QCD-like:

Thermal transition is connected to continuum
T(m=0)>0
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Chiral phase boundary for Ny = 7

4.90 =
N N;=22 N, =18 N:=16
2 2 -7 L]
4.851 o - g E/ - 2|7 - Nr= 14
a S . 2 P P _ o g N -
4.801® % PR | —F Ne=12
. > 7 g ) B = -~ /:/ - ) - 22
@ 4.75 $° . 8- _ - ——5 Nz =104
el et e -t By
AL 3 - - -& 7 - -8--""
- —— 1st order
—— 2nd order
---- crossover
4.6 T T T T T T
0.000 0.002 0.004 0.006 0.008 0.010 0.012
am

Dashed lines: Linear fits for fixed N
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0.014

Simulation details:

o Ny=7

e N,: {10, 12, 14, 16, 18, 22}
e Per N.: 3-5masses € [0.003,0.02]
e N,/N, € {1, 2}

Chiral limit am = 0:

Be(am = 0) — oo for increasing N,

QCD-like:

Thermal transition is connected to continuum
T(m=0)>0
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Chiral phase boundary for Ny = 8

Simulation details:

[ ] Nf = 8
. — - - e N,: {10, 12, 14, 16, 18, 22}
4.75 et Npsls fo=lb Mpsd Ag= e Per N.: 3-5masses € [0.003,0.02]
/ ’ 3 P 7 P
4.70 - §/ // // // —— - ® NS/NT E {17 2}
p SR 2 - N =101
S 7 , z ./ P s = [ 3 - = = -
Q4-65' ¥yo¥ T e e =1 Bth_.
L B . . .
4.60- Chiral limit am = 0:
455 X B.(am =0) = oo forincreasing N,
iy T T2 B —— lst order
45014 %= g — 2nd order  Belam = 0) = const for increasing N,
¢ = ---- crossover
0.000 0.005 0.010 0.015 0.020 0.025
am Conformal:
Dashed lines: Linear fits for fixed N.. Thermal transition is not connected to continuum

= T(m=0)=0
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Chiral phase boundary for Ny = 8

Simulation details:

® Nf — 8
. , e N,: {10, 12, 14, 16, 18, 22}
4.75 et Npsls fo=lb Mpsd Ag= e Per N.: 3-5masses € [0.003,0.02]
/ ’ 3 P z P
4.70 - §/ // // // —— - ® NS/NT E {17 2}
y “ d X g o= N =101
S 7 , z ./ P s = [ 3 - = = -
4.65 1 ¥ ¥ . —T e~ B
X ’ . - . o- . . .
4.60- Chiral limit am = 0:
455 X B.(am =0) = oo forincreasing N,
iy T T2 B —— lst order

asgbe 22" B — 2nd order  Belam = 0) = const for increasing N,

(5 ---- crossover

0.000 0.005 0.010 0.015 0.020 0.025

am Conformal:
Dashed lines: Linear fits for fixed N Thermal transition is not connected to continuum
° T

= T(m=0)=0
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Chiral phase boundary for Ny = 8

Simulation details:

[ ] Nf = 8
. § - - e N_: {10, 12, 14, 16, 18, 22}
4.75 et Npsls fo=lb Mpsd Ag= e Per N.: 3-5masses € [0.003,0.02]
7 , 3 P < -
0 g 7z - - -
47013 o v -7 Ne=10f o Ny/N; e {l, 2}
rBD S F 2" . -7 e -
R £ ¥ & .7 e - Bm
E B . . .
4,60 Chiral limit am = 0:
455 X B.(am =0) = oo forincreasing N,
iy T T2 B —— lst order
4504 2= B — 2nd order  Belam = 0) = const for increasing N,
(5 ---- crossover
0.000 0.005 0.010 0.015 0.020 0.025
am Conformal:

Thermal transition is not connected to continuum

= T(m=0)=0

Dashed lines: Linear fits for fixed N
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Analytic form of phase boundary for Ny = 8

oo

Jan Philipp Klinger | Uni Frankfurt

/ % 7 re
N;=22 N;=18 N;=16 N =14 No=12
7 g = -

e

4 s P e -
’ ’ . P & =
E ’ -’ - =
S , “z z X 2 - N:=10

, 7z - -

/7 - [} e
SR «- B

e Fd
i ‘ 7 - /.’ = th

%2 % o 1 B —— 1st order
lgas s ™ B —— 2nd order
(P/‘ . ---- crossover
000 0.005 0.010 0.015 0.020 0.025

am

Parameterisation of phase boundary:

> 5pc(am7 N’T) = Bo + F(NT)am

3x10t

2x 10!

101_

6x10°

Onset of the conformal window

— Fit
& Thermal-line slopes

10!
N+

Slopes follow power law:
> F(N,;)=CN?

2 x 10!
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Analytic form of phase boundary for Ny = 8

7z

Ne=22 N=18 N, =16 N,=14 N.=12 3x10] — Fit
4.75 , : . . E _
y y o - s 2 ¢ Thermal-line slopes
4.70 A E/ P -7 S 2x 10!
’ - « P - N, =101
S 7 z - - o e~ -
4.65 ’ AR — —T = —e B —_
Q SRy - : =y =
4.60 w
107
4.55
7 e —— 1st order
4 ‘2 e 37 Bs —— 2nd order
50442 = - 6 x 10°
- --=- crossover
7 | | | . |
50 0.000 0.005 0.010 0.015 0.020 0.025 10! 2x 10!
am N
Parameterisation of phase boundary: Slopes follow power law:
> Bpelam, N7) = fo + F(N;)am > F(N,)=CN?

Fit: Bpc(am, N;) = By + C NP am ~ 4
e 3 fit parameters for 19 data points! C ~0.16
e chi2/dof=5.5/16 = 0.34 pr1
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Conformal hyperscaling

e m > ( : bare quark mass sets the only IR scale

o T o M)

Hypersurface: [(am, N,) = By + C NP am

) 1/p a5

C
o= <5—50

aT = K(B)(am)"/”
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«Q

> rearrange

Onset of the conformal window
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Conformal hyperscaling

4.75

4.70 1

e m > ( : bare quark mass sets the only IR scale

o T o M)

Hypersurface: [(am, N,) = By + C NP am

C
o= <5—50

) 1/p a5

aT = K(B)(am)"/?
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4.65 1

4.60

/ z 3 .
N;=22 N;=18 N;=16 N.=14 N =12
7 . - > -

z

4.55 -
A B —— 1st order
L B .
4.50_//4 5= 2nd order
= --=-- crossover
> rearrange 0.000 0.005 0.010 0.015 0.020 0.025
am
— aT=x*
0101 s« p=46
0.08 1
=
~
T 0.06
[
T 0.041
0.024
0.00 ‘ ‘ | . |
0.00 0.02 0.04 0.06 0.08 0.10
XX =Kg (am)X
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Conformal hyperscaling

e m > ( : bare quark mass sets the only IR scale

o T o M)

Hypersurface: [(am, N,) = By + C NP am

C

- 1/p Up
al = <—5—50) (am)

aT = K(B)(am)"/?

Chiral limit:

«Q

> rearrange

al'(am=0)=0 V3 = const
=T =0

because a # 0 dueto (8 # ¢

Jan Philipp Klinger | Uni Frankfurt

Onset of the conformal window
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/ z 3 .
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~

4,551
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Conclusion
7 Flavour: QCD-like

4.90 i e Thermal transition exists in chiral continuum limit
N N,;22» N.=18  N.=16
48513 RS AP T e [.am=0)— oo for N, = o0
4.80% 5 3 ’/,/’/,:’/,/" Ne=12
@srs|® 5’/”?/’/:'5’/ IS Y
| S SRS S TR - 8 Flavour: Onset of the conformal window
70— T =T ¥ se---%" 7"
P S —— Istorder e Chirally symmetric for all N, in chiral limit
4.65 L oo - " BB —— 2nd order
- - ——— . *
il e Conformal hyperscaling: T’ ~ m/1+7m)

4.60 T T T T - !
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014

am > aT = K(B)(am)"/?

8 Flavour
’ ’ P 2 =
e MeS22 Ne=18 Ne<16 Ne=fa Ne=12 T — 8
7 < - 5
3 ’ PO " |
47013 P L= B N, =10 :
D S 7 I - .. _ -
4.65] ¥ow T e _ o=~ B g
[V} (T)' /§ 2 = -
4.60 ¥
o . " =0
4.55
7, 4% 4 = B —— 1st order :
Lo
450{ %%~ B —— 2nd order :
L ---- crossover ! conformal
A
0.000 0.005 0.010 0.015 0.020 0.025 N* < N < 16 =
s
am == Nf
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Conclusion
7 Flavour: QCD-like

4.90 _ e Thermal transition exists in chiral continuum limit
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Comparison: Scaling with mass

/ Flavour

4.90

4.85 . > - N.=12
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—— 1st order
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---- crossover
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aT(B) = aT(B) + A(B)(am)*

aTl =1/N;
o
8

0.04 1 pe B=4.675, aT.=0.0486, x=0.834
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0.02 1
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Symmetric mass generation

/ 7 td
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Bo as an UVFP ?

continuum limit  S.(am = 0) = B¢ ?
o forincreasing Nt

B(g?) B(9?)

conform conforma
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Comparison: Chiral limit

/ Flavour
4.90 =
Ne=22 N.=18 N.=16
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: IR 2 Lo Ne=1a
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QCD-like:

at am=0

Conformal: | N; > N}k at am=0
al
A
S
Bp
g
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L]
] 4.69 g
Comparison: G(am = 0, N,)
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Lattice QCD phases for large Nf

4.7050

20 1

For fixed Nf and Ntau:
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151 Thermal
4.6890 Transition
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0.2 0.4 0.6 0.8 4 P [P

46830 /
16 / B B

am 2 14 S 46825 /
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Lattice QCD at aT=0

—‘I—\/ )
aT=0 N
am=0 FA

16.5)

©

=

RS

C

(o]

Q

*
Miransk Nf
Iransky,
Yamawaii Bth ] BB
1997 lattice artefact
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Strong coupling phase

Onset of the conformal window

S : (BW) =0 chirally symmetric

Byp, : (W) £ 0 chirally broken (thermal transition)

Bp : (W) £ 0 chirally broken (bulk transition)

Conformal Window

Bulk transition



= - (Crossover

Order of Bulk Transition oL Xt

—
-
-
-
_
-
-
-

- 1st order
® 2nd order
For fixed V¢:

aT=0 B A

Bth 0.00 001 002 003 004 005 0.06

dent am
weak coupling phase NT\ndePen

——

strong coupling phase

am Conformal Window
Our findings for Bulk transition:
e 2nd order wingline at am(Nf) >0
e chiral limitam =0: g

o 1st order for Nf>6
o  2nd order endpoint at Nf6
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Lattice QCD at Nf<=6

B N-10 N8
s P\
1 I' ,/”/:N'\(\g oy .
P Thermal Transition:

- (Crossover
Tricritical poin

tric tric
(87, N

— 1st order

® 2nd order

Our findings for thermal transition:
e We found a 1st order transition! But: the order changes with V.-

e Thermal 2nd order line terminates at am = 0 in a tricritical point (5”’“, Nj”c)
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. = C'rossover
1st order is cutoff effect

— 1st order
® 2nd order
conformal QCD-like
6 N}
A Ne N3N p3 N2 o
S, , ’ ,_;\é\'\(\e

conformal

Thermal 1st order transition vanishes in Lattice bulk phase

= st order transition is not connected to continuum
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Leading order tricritical scaling

x aTtriC(Nf= 5) x aTtric(Nf= 6) x aTtric(Nf= 7)
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m) st order is a lattice cutoff effect

QCD in chiral limit
|— The chiral transition is of 2nd order for Ny <7
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