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Happy Birthday Matthias

3. Spezialvorlesungen

Grundlegende Experimente aus der Neutronenphysik
Vorlesung; 2 SWS; Mi, 8:30 - 10:00, Newton-Raum 01-122
Hydrodynamik und Elastizitatstheorie
Vorlesung; 2 SWS; Zeit und Raum n.V.

530

Statistische Physik kolloidaler Systeme (F)
Vorlesung; 2 SWS; Zeit und Raum n.V.
Theorie der Quantenfliissigkeiten (F)
Vorlesung; 2 SWS; Zeit und Raum n.V.
Ubungen zur Theorie der Quantenfliissigkeiten (F)
Ubung; 2 SWS; Zeit und Raum n.V.
Einflihrung in die Computersimulation (M,F)
Vorlesung; 2 SWS; Zeit und Raum n.V.
Physik auf dem Computer (M)
Vorlesung; 2 SWS; vorbereitende Veranstaltung fiir das Wahlpflichtfach
Computerphysik; Mo, 13:00 - 15:00, Lorentz-Raum 05-127
Ubungen zur Physik auf dem Computer (M)
Ubung; 3 SWS; Zeit n.V., CIP-Raum 05-422
Fraktionale Infinitesimalrechnung (M,F)
Vorlesung; 2 SWS; Zeit und Raum n.V.
Nanooptik (M,F)
Vorlesung; 2 SWS; Do, 15:00 - 17:00, Galilei-Raum 01-128
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Johannes Gutenberg-Universitat Mainz
Personen- und Vorlesungsverzeichnis
Sommersemester 2004



Happy Birthday Matthias

3. Spezialvorlesungen
Grundlegende Experimente aus der Neutronenphysik Master Lectures about Theoretical Particle Physics
Vorlesung; 2 SWS; Mi, 8:30 - 10:00, Newton-Raum 01-122
Hydrodynamik und Elastizitatstheorie
Vorlesung; 2 SWS; Zeit und Raum n.V.

The basic lecture in the Master Program (Theoretical Physics 6a) is offered every term.

Winter term Summer term

Theoretical Physics 6a: X X

Relativistic Quantum Field Theory (QFT)

(4 hours lectures + 2 hours exercises per week)

530

Winter term Summer term

X X

Statistische Physik kolloidaler Systeme (F)

Vorlesung; 2 SWS; Zeit und Raum n.V.

Theorie der Quantenfliissigkeiten (F)
Vorlesung; 2 SWS; Zeit und Raum n.V.

Ub“ungen 2ur Theorie der Quantenflﬂssigkeiten (F) . on there is at least one lecture in each term about Modern Methods in Particle Physics (3+1)
Ubung; 2 SWS; Zeit und Raum n.V.

Einflihrung in die Computersimulation (M,F)
Vorlesung; 2 SWS; Zeit und Raum n.V.

* Amplitudes and Precision Physics at the LHC
» Effective Field Theories and Flavour Physics
e Introduction to String Theory

PhYSik auf dem Comp}jter‘(M)  Theoretical Astroparticle Physics
Vorlesung; 2 SWS; vorbereitende Veranstaltung fiir das Wahlpflichtfach * Functional Methods and Exact Renormalization Group
Computerphysik; MO, 13:00-1 5200, Lorentz-Raum 05-127 There are also regular offerings in special topics in particle physics (2V). These include the following
Ubungen zur Physik auf dem Computer (M) : topics:
Ubung; 3 SWS; Zeit n.v, CIP-Raum 05-422 ‘ e Finite Temperature QFT and Phase Transitions
Fraktionale Infinitesimalrechnung (M,F) * Chirality and Gauge Theories
Vorlesung; 2 SWS; Zeit und Raum n.V. ® Supersymmetry
Nanooptik (M,F)

Vorlesung; 2 SWS; Do, 15:00 - 17:00, Galilei-Raum 01-128

R = e

Johannes Gutenberg-Universitat Mainz
Personen- und Vorlesungsverzeichnis + 1
Sommersemester 2004
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From: Andrea Thamm

.. .
i i-mainz.de <thep-req I-mainz.de> On Behalf Of Elahi, Fatemeh |
Monday, March 13, 2023 9:30 AM |
0: thep@lists.uni-mainz.de
<andrea thamm@unimelb edy au>
Subject: Update
Date: 13 March 2023 at 04:24:31 CET

Subject: New THEP baby
To: "Neubert, Prof. Dr. Matthias®
<maithias neuben@uni-mainz de>

Dear all,

Hallo Matthias,

We are very happy to share with you that our son (Artin Mehrabpour) was born last week on March 5th, at 1:57 am, and is
completely healthy @.

\ch wollte mich mal mit einem kurzen Update
melden

Best,

Fatemeh and Hadi
Erstens ist Alexander am 10. Dezember auf die
Welt gekommen. Er verbringt die meiste Zeit
damit, zu schiafen, trinken und sich sehr
interessient die Welt anzuschauen. Victoria hat
sich schon gut an ihren Kieinen Bruder gewdhnt
und ist meistens sehr lieb mit ihm.

Und rweitens ...

Viele Grufle, Andrea

Liebe Kolleginnen und Kollegen,
heczlichen Dank far das nette

freut!
eschenk - wir haben uns sehr gef s
Bruno und der Otter haben schon Tuchfuhlung aufgenommen und haben ein Shnliches
Viele Grige

Sarl, Leni, Bruno und Jens (Assmann)
28.11 2022
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Landscape of new physics

New Physics
couplings a

ruled out SMEFT

SM + X hopeless SMEFT

>
New Physics
Mass

Why should there be any new physics that is light
and weakly coupled?



Light new physics ?
Goldstone bosons

Every spontaneously lbroken
continuous symmetry gives rise to
massless spin-0 fields.

V(p) = 12pd" + A (¢pg')?




Goldstone bosons

Since the GB corresponds to the phase of a complex field, it is
protected by a shift symmetry

6= (f+s)e/]
it is protected by a shift symmetry
pia(@)/f _y gila(@)+e)/f _ jia(@)/f jic/f

This symmetry forbids a mass term, and all couplings are
suppressed by the UV scale

1 0" a
= — H
L 2@,@8 a+cu4ﬁf

Y+ ..



Goldstone bosons

An exactly massless boson is very problematic.

The global symmetry can be broken by
explicit masses or anomalous effects

1 0"a _ L 5 5

L = 5(%@0“@4— C“47Tf uy, i+ .. .—|—§maa
2
Ha
Mg — 7

Small couplings correspond to small masses and a
decoupled NP sector.

10



Goldstone bosons

The most famous example is the pion

Lacp = qril) qr + qril) qr + myqrar

<quR> = A3QCD ~ G6V3

The pion mass is controlled by the explicit breaking
through light quark masses

11

p, P, N



Goldstone bosons

The most famous example is the pion NP at f

Lacp = qril) qr + qril) qr + myqrar

<quR> — ASQCD ~ G6V3

The pion mass is controlled by the explicit breaking
through light quark masses

axion

12



Axionlike particles

Most general dimension five Lagrangian at the UV scale

£D§5 o ]. a a’u mz,() 2 I 8”& — 8'“0/ TD h
eff _5( ua)( a)_ 9 a 7 g wFCF/y,uwF—i_c(bT (qbl qu—l— .C.)
F
Qg A ~ Q9o A A Fruv A 1 d ~ L
— = G* GH — — W WH — —B,,, B*".
—|‘CGG 47‘(‘f Y _I_CWW 47Tf Y _I_CBB 47Tf 7

All couplings are suppressed by the UV scale f

Georgi, Kaplan, Randall, Phys. Lett. 169B, 73 (1986)
13



Axionlike particles

Most general dimension five Lagrangian at the UV scale

coupling to the Higgs current
couplings to fermions

explicit mass term \ F—Qudl
— 7u7 ) 7e

2
ot a

1 m; oHa — ,
£§f§5 ~ 9 (Opa)(0"a) — 270 a’ 7 Z VF CF Y Yr + Cqu (CbT@Dmb + h-C-)
F

s a - o a . a1 a -
+ng——GaVGMV’a—|—CWW——W/nyMV’A—I—CBB——BMVBMV.

J A f F / A7 f \ A7 f
coupling to hypercharge

coupling to gluons coupling to SU(2)r, gauge bosons

All couplings are suppressed by the UV scale f

Georgi, Kaplan, Randall, Phys. Lett. 169B, 73 (1986)
14



Axionlike particles

This Lagrangian captures all possible ALP coupling structures up
to dimension 5.

It iIs easy to imagine scenarios in which a single coupling
dominates:

For example: A UV theory in which the ALP couples only to SU(2)L
gauge bosons

2

1 m, a2 a ~
LP=5 = 5 (0u0)(0"a) — 2’0 a® + cwwﬁ?WWW“

Georgi, Kaplan, Randall, Phys. Lett. 169B, 73 (1986)
15



Axionlike particles

For example: A UV theory in which the ALP couples only to SU(2)L
gauge bosons
2 o a ~

£D<5 (a a)(@“a) B m20 2 4 CWWE?WMVWMV

After EW symmetry breaking this S Yl .
LEP %
ALP couples to photons. ol v ity
3 102} L,
W,u :SwA,u—I_CwZ,u %
o 10k HB stars go
. . '> LSW o%o
But at higher loop order it couples & 1 CAST
to fermions ;‘% 10-1F SUMICO
RERY| SN1987a
1073
Y W —— d
1074 SN
...... { """<ﬁ 103 Decay
¥ W —<— 3 105 1002 10° 10° 100 I 10
m, [GeV]

16 MB, Neubert, Thamm, JHEP 1712 044 (2017)



ALPs at different scales

unknown UV theory
Global (UV)
symmetry M
breaking
l Running
EW
symmetry | SM below EW scale
breaking
l Running
Chiral . .
symmetry Chiral Lagrangian

breaking

17

MB, Neubert, Renner, Schnubel,
Thamm, JHEP 04 (2021) 063

MB, Neubert, Renner, Schnubel,
Thamm, 2102.13112, PRL. 127

Chala et al.,
Eur.Phys.J.C 81 (2021) 2

Matching

Matching

Matching


https://arxiv.org/abs/2102.13112
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https://arxiv.org/abs/2102.13112

Running and matching at the weak scale

® [he gauge boson couplings do not run

d
dln p

cyvip)=0; V=G W, B Bardeen et al. Nucl. Phys. B 535,(1998)

e Neither are there matching contributions at 1-loop

* The running and matching of ALP fermion couplings receives
various contributions

MB, Neubert, Renner, Schnubel, MB, Neubert, Renner, Schnubel, Chala et al.,
Thamm, JHEP 04 (2021) 063 Thamm, 2102.13112 20 Eur.Phys.J.C 81 (2021) 2



https://arxiv.org/abs/2102.13112

Running and matching at the weak scale

The ALP Lagrangian at the weak scale can be written as

Lonlitn) = 2 (0,0)(00) — 90 62 4 Logn(p) + i 22 L G G0 1 ey & O,
e w) = 5 a a)— a erm \ Mw C - Crmy —— —
Fl o \u 9 f X GG4 7 Y A ¥
o a - o . a  a -
— F,, Z" —ZVZ“”—i— — Wt W
Tz 2MSwCyw [ T2z drs2c2 f N ww 2ws? f
with Cyy = CWw + CBB, CWZ:C%U CWW_S?U CBB , CZZ:CfU CWW-FSfU CBB -

with fermion couplings in the mass basis with  ky =U/coU,, ...

oHa 1 - _ _
£ferm(,uw) — T [UL kaY,uuL =+ uRkufy,uuR =+ dL kDfY,udL + dedfy,udR
+ DLkz/Y,uVL -+ éLkiE’)/MGL + éRke%eR} .
MB, Neubert, Renner, Schnubel, MB, Neubert, Renner, Schnubel, Chala et al.,

Thamm, JHEP 04 (2021) 063 Thamm, 2102.13112 21 Eur.Phys.J.C 81 (2021) 2



https://arxiv.org/abs/2102.13112

Flavor diagonal ALP-fermion couplings

ALP fermion couplings at the weak scale for f =1TeV

Cunoe (M) 2 Cumce(A) — 0.116 e (A) — [6.35 Caa(A) + 0.19 G (A) + 0.02 éBB(A)] .107?

cdd,ss(mt) ~ Cdd,ss(A) + 0.116 Ctt(A) — [708 5(;(;(/\) + 0.22 6WW(A) + 0.005 633(/\)] . 10_3 ,

where we have defined

MB, Neubert, Renner, Schnubel,
Thamm, JHEP 04 (2021) 063

cop (1) = cap(A) + 0.097 e (A) — [7.02 caa(A) + 0.19 Ew (A) + 0.005 égp(

Cfifi (:LL)

22

Corer(M7) 2 Coe. (M) + 0.116 ¢4y (A) — [0.37 coa(A) +0.22 G (A) + 0.05 Egp(

= k()] — [kr(p)l;

1073,

5
]103

)



Flavor diagonal ALP-fermion couplings

ALP fermion couplings at the weak scale for f =1TeV

1 e ] S 1 -
107! 107! 107!
1072 1072 1072
1073 1073 1073
107 107 107
107 107 107
—-107 -107° L S —
-107* -107* -107* B
-107° — -107° -1073
-1072 -1072 ~1072
—107'+ —107'} —107'+
~1} CGG ~1} CWW ~1} CBB
Cauu Cu Cdd Cee CGG Cww CBB Cuu Cu Cdd Cee CGG Cww CBB Cuu Cu Cdd Cee CGG Cww CBB
1 — 1 — 1 —
107! 107! 107!
1072 1072 1072
1073 1073 1073
1074 1074 1074
107 107 1073
-107° -107° -107°
-1074 —1074¢ -1074
-1073 —1073¢ — -1073 —
-1072 —107%¢ —— == 1072} ————
S 1) i S— I B —107'+ —107'}
—1t Ct ~1t Cu ~1t Cd
Cuu Crt Cdd Cee CGG Cww CBB Cuu Cit Cid Cee CGG Cww CBB Cuu Cr Cdd Cee CGG Cww CBB

23



Flavor off-diagonal ALP-fermion couplings

Flavor violation can come from the UV theory or from the SM

dj dj W _ —— dj
C-I/ ------ < C-L ------ @ g/ ----- {A t
t

Assuming MFV (only y: #0 ) for f =1TeV

[kU(f“w)Lj - [ku('uw)}ij - [kd('uw)]ij - [kE(Mw)Lj - [ke('uw)]z'j =0

kp(my)],; = [kp@)];; +0.019 ViV, [ctt(A) — 0.0032 cc(A) — 0.0057 G (A)

MB, Neubert, Renner, Schnubel,
Thamm, JHEP 04 (2021) 063 24
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https://arxiv.org/abs/2102.13112

Running below the EW scale

Running below the weak scale affects only flavor-diagonal ALP
fermion couplings (running to 2 GeV)

qu(,Mo) - qu(mt) ™ [306GG(A) o 1°4Ctt(A) — 0.6 Cbb(A)} . 10—2
T Qg {39577(/\) —4.7cy(N) — O.QCbb(A)} 1072,

cooliin) = con(my) + [3.9577(/\) — 47eu(A) — O.ZCbb(A)} 1077

MB, Neubert, Renner, Schnubel,
Thamm, JHEP 04 (2021) 063 26
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https://arxiv.org/abs/2102.13112

Matching to the chiral Lagrangian

The chiral Lagrangian + ALP then reads

2 2
LY = gﬁ Tr[D*E (D) + %BO Tr[ri2,(a) 2" + h.c.]

2

5 a —I—éfyny?FMVFMV)

+ % 0"a 0,a —
where P exp(iﬂﬂ/fw)
\/%77 \/57‘(‘+ \/§K+ \

(770"‘
M=M= | Var~  —mo+y/in VIK° |
| VEET VAR -2y

MB, Neubert, Renner, Schnubel,
Thamm, 2102.13112, Phys.Rev.Lett. 127
(2021)

28
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Matching to the chiral Lagrangian

This matching is not new. It has first been performed by Georgi,
Kaplan and Randall, but they used

iD,% =i0,% +eA,[Q,3]

missing the additional contribution from the ALP in the current:

aua -~

iD,% =0, + A, [Q 3] + (ko> — Sk,

This is an important omission and can be cross-checked by
demanding independence of physical observables from the
unphysical kappa parameters.

MB, Neubert, Renner, Schnubel,
Thamm, 2102.13112, Phys.Rev.Lett. 127
(2021)

29
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Matching to the chiral Lagrangian

The chiral Lagrangian + ALP then reads

2 2

Lo =3 Tr D's (D, X)) + T BTy (@) S+ h.c.]

2
mCL,O 2 o a

5 a +67VE?F,LLVF'LW7

1
+§0"a8ua—

Turning on the weak interactions give rise to flavor changing
couplings involving the ALP

AG o ifi T
Lweak — _TQF r;dvus gs [L,u L'u]32 L,u — _T {ZDMZT}

MB, Neubert, Renner, Schnubel, Thamm, PRL 127 (2021) 30



K~ — 7w a decays reconsidered

K- K- K- ges@//
> > >
.
a a a
-
K~ T T K~ K~ T K~ R /
98 “‘\ ‘\‘\ 98 ~\‘“~~
; - i
AGp ., 11732
The kappa dependence reads Leak = v wd Vs 98 [ L LF]
N,
D13 2—8 cag (Fy — kq) (M2 —m?2),
f
Ng 2 2 2
Ds 3 “6f cae (2mi +mz —3m3) (Ky + kg — 2Ks)
Ng 20, 2 2/ .
Ds > 7 caa(mi (ks — Kg) + M (kg + Ky) + Mo (—Ky — Ks))

MB, Neubert, Renner, Schnubel,

Thamm, 2102.13112, Phys.Rev.Lett. 127 (2021) 31
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K~ — 7w a decays reconsidered

20 — 0

K Js phys + (97Ta Qphys

AK+—>a7T+ 7é 9AK"’—>7TO7T+

In the literature ALP (or axion) pion mixing is sometimes
iINntroduced as a measurable quantity, but this is not correct

fw mg (éuu — édd) m727 Aﬁ;

Cv2f |l mi-mi mi-mg

Ora

My Ky — MgRd

Cqqg = (kq —kqg), Ak =4cge e —

MB, Neubert, Renner, Schnubel,
Thamm, 2102.13112, Phys.Rev.Lett. 127
(2021) 32
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K~ — 7w a decays reconsidered

The full amplitude is completely general

, Ny (m2 — m?2 )(m%{ — m2)
B B — _° 16 K s a
AR 4f [ (GG 4m3, —m2 — 3m2
5 m%{ — mz

+ 6 (Cyy + Cqq — 2¢s5) M2 4777%( 2 - 3m?

T (chu T Cdd T+ CSS) (m%{ — m72r - mg) + 4dcss mZ

+ (kg + kp — ks — kg) (m% +m2 — m?)

9 9

mK—mW
— k k
27 (kq + kg

]23 .

The GKR paper only considered a gluon couplings and in that
case the (wrong) result is smaller by a tactor

azy

= (0.16
2(my, +mg)

MB, Neubert, Renner, Schnubel,
Thamm, 2102.13112, Phys.Rev.Lett. 127
(2021) 33
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K~ — 7w a decays reconsidered

Including all contributions one finds numerically

1TeV
/

+6.8-10 ey +4.1-10°cgp — 1.1 - 1073c%(A) + 1.2 - 10—4&;’(/\)}

IAK™ — 77 a) = 1071 GeV [ ] et(9s+7s) [ —3.3cae — 1.6 (¢ (A) + (M) + 3.2¢5(A)

1TeV
f

— 012w — 6.3-10 e + 1.6 1072¢5(A) — 1.9 - 10—3c§(A)} |

+ 1071 GeV [ ] e~ hs [ — 0.24cqe — 0.37¢] (A) + 76 ¢ (A) — 75 ¢ (A)

For a given benchmark the prediction can be read off, e.g.

eonly ¢ca: The “chiral contribution” (gs) dominates

eonly cww: The “RGE " contribution dominates

MB, Neubert, Renner, Schnubel,
Thamm, 2102.13112, Phys.Rev.Lett. 127 (2021) 34
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K~ — 7w a decays reconsidered

We can now use these results to put
imits on ALPs. Lets consider the -
case of a pure SU(2) coupling in the -
UV
T
Current limits from 1 ‘.
Br(KT — 7t X) 0 < my, <261 (x) (search) 10! . . . . .
Br(K™ — 7t X) 110 < mx < 155 (search) 107" 10 107 107! ! 10
Br(K; — 7%) 0<my, <261  <3.0x107° o [GeV]
NAG2, 2103.15389 a
NA62, JHEP 02 (2021) 3
KOTO, PRL 122 (2019) 0
5
E 107+
Br(K*t — ny7) Meyy < 108 <83 x 107 E 10}
Br(K+ — ntyy) 220 < m., < 354 (9.65 £ 0.63) x 1077
1k
E949, Phys Lett B623 (2005) |
NAB2 Phys. Lett B536 (2014) 107 0= P P o . 0
m, [GeV]

35 MB, Neubert, Renner, Schnubel, Thamm, 2110.10698



https://arxiv.org/abs/2110.10698

Flavor bounds on ALPs

K; = nlete”

104 B, — B, mixing
By — ppt
10° dBr/dg’(B — Kec) |
L; ,A
& 10?
Ay
= B — K*a(up)
§ 10
|
1071 - ' | | '
10~ 1073 1072 107! 1 10
m, |GeV]

MB, Neybert, Renner, Schnubel, Thamm, JHEP 09 (2022) 056



Flavor bounds on ALPs

10*
Bd—Bd
; mixing
10
L
& 102
e,
= B — K a(up)
s 10
B* = K*a(pp)|
|
10-] 1 1 1 1 1 1 1 1 1 1
107 1073 1072 107! 1 10 10° 102107 1 10
m, |GeV|] m, |GeV]

MB, Neybert, Renner, Schnubel, Thamm, JHEP 09 (2022) 056



Flavor bounds vs other bounds

|/fTev™']

Tl £ [TeV™]
eft
YY

&

~ SN1987a

[

107 102 107!

D — [

1-6 1-5 1-‘
m, [GeV] m, [GeV]

MB, Neybert, Renner, Schnubel, Thamm, JHEP 09 (2022) 056



Flavor bounds vs other bounds

dBr/dqz(B—)K'ee) Bd_Bdm.iXing

10*

—_ —_—
- -
o ()

(S
-

lcGal/f [TeV™']

107"

1072

T — ya(up)

107" 1
m, [GeV]

107 1073 1072

MB, Ne?%bert, Renner, Schnubel, Thamm, JHEP 09 (2022) 056
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£ r~T—— d

Flavor bounds vs other bounds < |

NNAN—e— §

€+ W
Bt = K*a(vy)
— dBr/dq*(B — K*ee)
|
> 10
=,
“‘\\ Ky — nlete”
3 10 Kp—nutp~ T — va(up).
Kt s atutyu~
1F -
B — K"a(up)
10_] 1 L L 1 1
1074 107 1072 107! 1 10

m, [GeV]

MB, Neubert, Renner, Schnubel, Thamm, JHEP 09 (2022) 056
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Conclusions

An axion could be the only light remnant of a heavy new
physics sector out of reach of the LHC

Flavor bounds uniquely constrain axionlike particles with
masses between 100 MeV and 10 GeV

In the coming years searches for light new physics will probe a
large range of parameter space where we’ve never looked

41
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~lavour-violating couplings to leptons

Without tree-level flavour violating couplings to leptons there are
no loop-induced LFV ALP couplings, because the SM conserves
lepton flavour
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Bounds from mu-e couplings
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Bounds from mu-e couplings
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Bounds from tau-mu couplings
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Bounds from tau-mu couplings

102}
1 "
Aae
>
= 107
Ry
S
1074
. T — ey
107° T — €Yeff
1074 1073 1072 107!
m, [GeV]

47

MB, Neubert, Renner,
Schnubel, Thamm, 21....



